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F O R E W O R D

In training engineers of any speciality, particular attention 
should be paid to mastering the fundamentals of power engineer
ing and to the theory and design of heat power plant equipment. 
This book on thermal engineering is intended for students not 
specializing in heat engineering. The book briefly treats various 
aspects of engineering thermodynamics, combustion processes and 
fuel gasification, also the fundamentals of theory and design of 
boiler units, steam and gas turbines, steam and internal-combus
tion engines.

The authors will greatly appreciate all comments and sug
gestions from readers concerning the contents of this book.





S e c t i o n  O n e

ENGINEERING THERMODYNAMICS

C h a p t e r  I
BASIC CONCEPTS OF THERMODYNAMICS

I. Parameters of Gas and Relation Between Them. The Equation 
of State for Gases

Engineering thermodynamics studies problems related to condi
tions of the most advantageous conversion of thermal to mechani
cal energy and vice versa in heat engines, heat-power and refri
gerator units. Engineering thermodynamics is therefore the theo
retical basis of heat engineering.

Thermodynamics is based on two main experimental principles 
called the first and second laws of thermodynamics.

Heat energy is converted into mechanical energy in heat engines 
through the agency of a working body capable of changing its 
volume. As a rule, gases and vapours are employed as the work
ing bodies. That is why engineering thermodynamics studies the 
properties of gaseous substances.

In gases the influence of molecular interaction forces and the 
size of the molecules is different in different states of the gases. 
One and the same gas may be assumed to be an ideal *, or per
fect, gas under certain conditions (for instance, at a low pressure 
or high temperature), but under other conditions (a high pressure 
or low temperature) the gas should be treated as a real gas. 
Owing to molecular interaction the properties of real gases differ 
from those of ideal gases.

* By an ideal gas is meant a gas in which the forces of molecular interac 
tion and the volume of the molecules can be neglected.
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The physical quantities that determine the state of a gas are 
called parameters of state. The simplest parameters, which can be 
measured directly, are pressure, temperature and specific volume.

The absolute pressure of a gas is the result of a large number 
of the molecules forming the gas striking the walls of the vessel. 
The force per unit of area is called the specific pressure or just the 
pressure p. In thermodynamics the m.k.s.a. system of units is 
used. Accordingly the unit of pressure will be kg/m2. As a pressure 
of 1 kg/m2 is very small, in engineering a pressure unit 104 times 
larger and equal to 1 kg/cm2 is used. This unit is called the 
technical atmosphere (at).

1 at =  1 kg/cm2 =  10,000 kg/m2 =  104 kg/m2.

Besides the technical atmosphere, pressure is measured by 
standard atmospheres (atm), one standard atmosphere being 
equal to 1.0333 kg/cm2.

Pressure may be measured by the height of a column of liquid 
(water, mercury, etc.):

p — ~{h kg/m2,

where y =  specific gravity of liquid, kg/m3.
Hence, the following relationships are true:

1 at =  735.6 mm Hg =  1 X 104 mm water column.

It may be easily seem that for a standard atmosphere 
1 atm =  760 mm H g =  1.033 X 104 mm water column.

A pressure of 1 atm is employed to determine the so-called 
standard conditions (the state of a gas under a pressure of 
760 mm Hg and a temperature of 0 deg C).

There are distinguished absolute pressure, excess pressure and 
rarefaction (or vacuum).

The liquid in the U-tube (Fig. 1) is subjected, on one hand, to 
the absolute pressure exerted by the gas filling the vessel — p abs 
and, on the other, to the pressure of the surrounding medium (at
mospheric air) — pbar-

The difference between the absolute pressure p abs and the pres
sure of the surrounding medium pbar is called the excess, or gauge, 
pressure pg. Hence

Pabs ' P g ~ I- P bar• 0"1)
The pressure of the surrounding medium is measured with a 

barometer and is called barometric pressure.
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Excess, or gauge, pressure is measured with a manometer or 
pressure gauge and is often called manometric pressure (pman 
or h).

In some cases the pressure inside a vessel may be below at
mospheric pressure (Fig. 2).

The difference between barometric and absolute pressure is 
called rarefaction or vacuum (pT or pVac)-

Rarefaction is measured with a vacuum meter (pvac or h). Ob
viously

Pvac Pbar Pabs
or

Pabs Pbar Pvac'
Absolute pressure measured in technical atmospheres is desig

nated pata (absolute atmospheres), excess pressure—pg (gauge 
pressure).

All thermodynamic formulas are based on absolute pressure 
measured in kg/m2, for only this pressure is a parameter of state.

Temperature is a measure of the heat of a body, and it deter
mines the direction of spontaneous heat flow. According to the 
kinetic theory of gases, the temperature is proportional to the 
mean kinetic energy of the translational velocity of molecules:

where T =  absolute temperature.
From the formula it follows that the absolute temperature 

T =  0 if the velocity of the molecules w = 0, which is unattain-
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able. The Russian scientist M. V. Lomonosov was the first to in
dicate that absolute zero is unattainable.

In practice the measurement of temperature is based on the 
property of bodies to change their state with a varying degree of 
heating. The temperature measured in this way is called em
pirical and is designated by t.

The most rational temperature scale, independent of differing 
properties of bodies, is the so-called absolute, or thermodynamic, 
temperature scale proposed by Kelvin in 1848. The temperatures 
of this scale are designated by T deg K.

A practical variant of the absolute scale is the international 
Centigrade scale in which the melting point of ice and the boiling 
point of • chemically pure water under standard conditions are 
respectively designated 0 deg and 100 deg. Temperature measured 
by means of this scale is designated t deg C. *

The following relationship exists between the absolute temper
ature and the temperature read on the Centigrade scale:

r j K =  /‘,C 4 -273.16 or appr. /°C +  273,
since absolute zero corresponds to a temperature o f—273.16 deg C.

The specific volume is the volume of a substance of unit weight.
u =  -g- m3/kg.

The reciprocal of the specific volume
1 a , , , 
v = i r  =  T kg/m

is called the specific gravity.
Apart from the parameters p, v and T, mentioned above, there 

are other parameters: entropy s, internal energy u and enthalpy, 
or heat content, i. These parameters will be considered below.

Example 1. The pressure gauge of a steam boiler indicates an excess pres
sure of 32 atm gauge, and the vacuum gauge shows a vacuum in the conden
ser of 708.2 mm Hg. Determine the absolute pressure in the boiler and the 
condenser, if the barometer indicates a pressure pbar = 745 mm Hg, and express 
these pressures in kg/m2.

The absolute pressure in the boiler
745

Pabs — Pg~h Pbar =  32 -f- g =  33.01 ata.

The absolute pressure in the condenser
36 8

Pabs =  Pbar — Pvac =  745 — 708.2 =  36.8 mm Hg =  -  0.05 ata
or

Pabs =  0.05 X 10< =  500 kg/m2.

C is the first letter of the Latin word centum (hundred).
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The Equation of State of an Ideal Gas. Experience and theory 
show that the parameters p, v and T of a homogeneous body are 
not independent.

In a state of equilibrium the parameters have a property which 
may be expressed in the following form:

<p (p, v, T) =  0.
The function q> depends on the nature of the body and varies 

for different bodies.
The simplest equation of state, known Trom elementary physics, 

is the Clapeyron-Mendeleyev equation for an ideal gas based on 
the kinetic gas theory:

pv — RT  =  0 or pv =  RT, (1-2)
where p =  absolute pressure, kg/m2;

v =  specific volume, m3/kg;
T — absolute temperature, deg K;
R =  gas constant related to 1 kg of gas, and depending 

- on the nature of the substance (specific gas con
stant).

From equation (1-2) we obtain the unit of the specific gas con
stant R, namely, kg-m/kg-deg.

Multiplying both sides of equation (1-2) by G, and, taking 
into account that Gv =  E, we obtain the equation of state for an 
arbitrary amount of gas G:

PV = G R T . (1-3)
The equation of state for one mole of gas, i.e., for p kg can be 

derived from equation (1-3), if G = p kg,

or
pVp =  pRT 

1* =  ^ .

(1-4) 

(1-4a)

where Ep =  the volume of a mole of gas, m3/mole.
According to Avogadro’s law, the volume of a mole is the same 

for all ideal gases under equal pressure and temperature. Thus, 
under standard conditions, the volume of one mole of an ideal 
gas Ep =  22.4 m3/mole.

Since according to the combined Boyle and Gay-Lussac law
p-j  =  const, it is also obvious that

pR =  const.

The quantity pR is called the universal gas constant.

2 -814
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The numerical value of the universal gas constant p/? can be 
obtained by substituting in equation (l-4a) the numerical values 
of the parameters under standard conditions (pst = 10,333 kg/m2̂ 
V\i = 22.4 m3/mole, Tst = 273 deg K).

PstV P 
Tst

10,333X22.4
273 =  848 kg-m/mole-deg.

The numerical value of the specific gas constant for any gas 
can be determined by the formula

' kg-m/kg-deg. (1-5)

The Equation of State of Real Gases. In a real gas the forces 
of molecular interaction and the volume occupied by the mole
cules are appreciable. Therefore, the relation between the parame
ters and the function <p are quite complicated.

One of the known equations of state of real gases is derived 
from that of ideal gases by introducing into the latter corrections 
taking into account the volume of a mole of gas b and the forc^-
of molecular interaction Mathematically this equation is writ
ten as follows:

{p +  -$ r ) (v -b )  =  RT, (1-6)

and it is known as thê  Van der Waals equation (1873).
With greater values of v it can be assumed that v — b-*-v and

-^-->0, i.e., for sufficiently rarefied gases the Van der Waals equa
tion becomes pv =  RT.

There is not sufficient coincidence between data calculated by 
formula (1-6) and experimental results. A number of other equa
tions of state have therefore been suggested, mainly based on 
empirical data and approximating more closely experimental data.

The Soviet scientists, Professor of the Moscow Power Institute 
M. P. Vukalovich and Prof. I. I. Novikov, proposed in 1939 an 
equation of state of real gases based on the general theory of 
real gases, and taking into account the association of molecules 
into double and triple molecular groups. The very complicated 
Vukalovich-Novikov equation can be simplified to

pv =  R T [ l + £ S p - . . . ] ,

where BX(T), B2(T) =  known functions of temperature.
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Example 2. Find the weight occupied by 6 cu m of carbon dioxide (C02) 
-at a pressure p =  4 atm gauge and a temperature t =  27 deg C.

From formula (1-3)

G  = pv
R T kg.

■where p — 4 +  I =  5 ata = 5 X 104 kg/in2; T = t + 273 =  300 deg K;

A - J «Fc02
848
44 kg-m/kg-deg.

Substituting these values, we get

„ 5X104X6
848X300 

44

52 kg.

Example 3. The specific gravity of air at standard conditions (pst = 
*=760 mm Hg and i ,t=  0 deg C) is yJ(= 1.293 kg/m3. Determine the specific 
gravity of air at a pressure pt =650 mm Hg and a temperature t\ — 17 deg C. 

Having written equation (I-‘2) for the two different states

P stv st —
Piv, =  RTi

and upon dividing one equation by the other by members and rearranging, 
we get

PstVst _  P\V\
T s t T , ‘

This expression may be rewritten as follows:

or
P st __  P I

TstT st  _  Tfi^i

Ti =  T if P J s t  
P stT  i

1.293- ^ - X
273
290 1.08 kg/m3.

2. Mixtures of Gases
In thermal engineering the working body is usually a mixture 

of several gases (for instance, air, products of fuel combustion) 
rather than a homogeneous gas.

Let us consider some properties of a mixture of gases.
The behaviour of each gas of a mixture is such as if it alone 

occupied the entire volume containing the mixture. The pressure 
that the component would have if it occupied the entire volume 
by itself at the temperature and volume of the mixture is called 
the partial pressure.

2*
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According to Dalton’s law, the pressure of a mixture is equal 
to the sum of the partial pressures of its components:

n

P  —  P i + / ,2 +  /?3+  • • ■ - \~ P n  =  2 lP i<  O'?)1

where p =  pressure of the mixture of gases;
Pi, P2, •••> P n =  partial pressures of the mixture components.

The composition of a mixture of gases may be given in weight 
or volume fractions. If weight fractions are used, then

G =  Gl -\-G2-\-G3-\- . . .  -\-Gn,

where Gu G2 ■ ■ ■, Gn =  weights of the separate mixture compo
nents;

G — total weight of the mixture.
Denoting the weight fractions of the component gases 

G, G2 G„
s i= ~ u --  ••• g *= -ir>

we obtain
+  ••• -\~Sn=  1-

In order to characterize a mixture of gases by volume frac
tions, it is necessary to reduce the volumes occupied by the com
ponent gases to the pressure to which the mixture, is subjected,, 
because each of the components occupies the volume of the entire 
mixture and is under its,own partial pressure.

The volume which an individual gas component would occupy 
alone at the temperature and pressure of the mixture of gases 
is called the reduced or partial volume of the component gas and 
is denoted by W The partial volume of any gas Vi can be cal
culated from the equation

pVi =  PiV,
whence

V , = ^ - V .
1 P

The ratio of the partial volume of a gas to the volume of the 
entire mixture is called the volume fraction of the gas.

It is easy 
fractions:

to show the relation between the weight and volume

Gi ■tiVi n
Tmix V tmlx *gi G
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The full weight of a unit volume of the mixture (specific grav
ity) Ymix is equal to

n

T*/x =  Tir i +  Tjr2 +  ••• +  7ir  i =  2  Tir <>1
hence

gi =  — ~ • (1-8)
2

The specific gravities can be replaced by the corresponding 
proportional molecular weights, and equation (1-8) becomes

=  (1-9)
2 fV i

In order to calculate the volume fractions from the weight frac
tions, the following equation can be easily derived:

f t
Ml
ILi

n ( 1- 10) .

By the mean or apparent molecular weight of a mixture is meant 
the ratio of the weight of the entire mixture G to the total number 
of moles in the mixture M:

Q  2 * 1G 1
H'm/Jf M n (1-11>

V  Gj

Upon dividing the numerator and denominator of the right part 
of equation (1-11) by G, we obtain

( 1- 12)'

The gas constant of the mixture can be calculated from the 
expression

Rmix =  ~ r  kg-m/kg-deg.Km/jr
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The molecular weight of a mixture can be expressed through 
the volume fractions by the following expression:

IW  =  2 IVV (1-13)

The partial pressure can be calculated from the equation
p .V  =  p \/ l

or

whence
Pi - P r i- (1-14)

Substituting the values from equations (1-10) and (1-12) in 
equation (1-14), we obtain

Pi =  ~ ^ P -  d-15)

Example 4. Determine the apparent molecular weight, gas constant, specific ' 
gravity and partial pressure under standard conditions for a gas mixture con
sisting of 6 kg of CO2, 3 kg of N2 and 1 kg of O2.

The weight composition of the given mixture of gases is

gC0' =  Gco2+ G n 0 +  G02 =  6 +  3 + 1  =  °'6'
t

By analogy, g Na =  0.3 and g 0a = 0.1.
The molecular weights of the mixture components will be:

H'COj =  44= H-Nj =  28; H*o2 =  32.

The apparent molecular weight of the mixture of gases is calculated by for
mula (1-12)

P m ix =  —n r '  0 6 | Q 3 Q.i = 3 6 A

V  I L  44 +  28 +  32
L i p-i 

1

The gas constant can be calculated from formula (1-5):
R4R

RmU =  3g^- =  23.1 kg-m/kg-deg.

The specific gravity at 0 deg C and 760 mm Hg

v . y-mix _  36.4 
'mlx ~  22.4 22.4 1.62 kg/st m3.
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Now we proceed to calculate the partial pressures of the gas mixture com
ponents by formula (1-15):

PcOj =  S c o 2 P =  a&^ T  760 =  376 mm Hg;

PN2 =  ^N2' ^ £- / , =  a3-^ f-760 =  297 mm Hs:

Po, = go —  p =  0-1 ^  760 = 87 mm Hg-

3. Thermodynamic Processes

Reversible and Irreversible Processes. The equation of the form: 
9 (p, v, T) considered above is the equation of the state of equi
librium, i.e., of a state the parameters of which (pressure, specific 
volume and temperature) are the same over the entire mass of the 
gas and are equal to the respective parameters of the surrounding 
medium. The equality of pressure leads to mechanical equilibrium, 
while equality of temperature—to thermal equilibrium. The state of 
equilibrium cannot change without mechanical or thermal inter
ference from the outside.

The sequence in which the states of the working body change 
constitutes a thermodynamic process. A process going on so 
slowly that the state of equilibrium sets in in the working body 
at every moment of time is called an equilibrium process, other
wise, it is referred to as a nonequilibrium process.

Mechanical and thermal equilibrium, as well as the absence of 
friction, are the conditions necessary for an equilibrium process. 
This means that in cases of a change jn the state of bodies the 
change in volume should take an infinitely long time, while the 
pressure at any moment of time should be equal to the outside 
pressure (conditions of mechanical equilibrium). From the condi
tion of thermal equilibrium it follows that the temperature of 
a body should always be equal to that of the surrounding medium, 
or to the temperature c)f the heat source from which heat is im
parted to the body.

It is very important to understand that in the case of a working 
body of varying temperature an equilibrium process is possible 
only if the outside source of heat changes its temperature in the 
same manner as the working body, i.e., when there is an infinite 
number of heat sources.

Processes which can proceed both in the straight and the reverse 
directions through one and the same equilibrium states of the 
working body are called reversible processes. The direct and:
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reverse processes should not result in any residual changes in the 
working body or in the surrounding medium. Processes that do 
not comply with this condition are said to be irreversible.

It should be mentioned that there are no reversible processes 
in nature. The conception of process reversibility is an example of 
scientific abstract thinking that facilitates the solution of many 
problems of engineering thermodynamics. Each state of the work
ing body in the process of an equilibrium change in state can be 
represented as a point with the coordinates p, v, and t. In the 
general case all three parameters may vary. As it is practically 
inconvenient to graphically illustrate processes in a three-dimen
sional coordinate system, usually two-dimensional systems are 
used, in which the variation of any two parameters can be shown. 
The magnitude of the third parameter can be determined from the 
equation of state.

The p-v system of coordinates has found extensive use in ther
modynamics, but only processes of gases in the state of equilib
rium can be represented in this system. It is impossible to show 
graphically the processes of gases not in equilibrium.

A process in the course of which the working body, having '  
passed through a number of successive states, returns to its ini
tial state is called a cyclic process or a cycle. Conceptions of the 
equilibrium state, reversible and cyclic processes are of the greatest 
importance in engineering thermodynamics.

4. Work and Heat of a! Process. Heat Capacity
Any thermodynamic process is the result of the mechanical or 

thermal action of the surrounding medium upon the working body 
(for instance, compression or expansion of the working body, heat 
transfer).

In the first case the volume of the working body changes and 
mechanical work is performed. In the second case the quantity 
of energy imparted to the body during heat transfer is called the 
quantity of heat or the heat of the process.

Thus, the concepts of “work” and “heat” are two forms of 
energy transmission; they relate to the process of the change in 
the state of a system and are the basic characteristics of thermo
dynamic processes.

The m.k.s.a. unit of work is the kilogram-metre (kg-m).
There is a larger unit of work, namely, the horsepower hour 

(hp-hr). The horsepower (hp) is the industrial unit of power (i.e., 
work per second) equal to 75 kg-m/sec. Then,

1 hp-hr =  75 X 3,600 =  270,000 kg-m.
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The industrial unit of electrical work is the kilowatt-hour 
(kw-hr)—the work of one kilowatt for one hour. The kilowatt 
(kw) is the industrial unit of electrical power.

1 kw =  102 kg-m/sec =  1.36 hp.
Hence 1 kw-hr =  102 X 3,600 =  367,200 kg-m = 1.36 hp-hr.
The m.k.s.a. unit of heat is the kilogram-calorie (kcal). The 

standard kilogram-calorie is the amount of heat required to raise, 
the temperature of 1 kg of chemically pure water from 19.5 to 
20.5 deg C at normal atmospheric pressure (760 mm Hg) in lati
tude 45 deg at sea level. Besides the standard kilogram-calorie, 
there is an international (electrical) kilogram-calorie equal to
—  kw-hr.

According to the law of conservation and conversion of energy, 
heat and work under certain conditions can be converted one 
into the other in the following equivalent proportions:

Qo =  AL0,
where Q0 =  quantity of heat converted into work, kcal;

L0 =  work obtained at the expense of the heat, kg-m;
A =  heat equivalent of mechanical work, kcal/kg-m.

It has been established experimentally that 1 kg-m corresponds
to kcal, i.e.,

A — kcal/kg-m.

The heat equivalents of the larger units of work are:

1 hp-hr =  270,000 -^ -  «  632 kcal/hp-hr;

1 kw-hr =  1.36 X 632 «  860 kcal/kw-hr.

Calculation of Work. Let us assume that a working body con
fined in a cylinder inside which a piston moves without friction 
performs external work overcoming a pressure p*  (Fig. 3).

A uniformly distributed absolute pressure p will force the piston, 
which has an area /, to move through an elementary distance dh. 
When the piston moves through the distance dh the gas will 
perform an infinitely small quantity of work

dl =  p f  dh =  p dv, (1-16)

* In processes in which the volume increases the working body performs 
work against external forces. Upon compression, on the contrary, the external 
forces overcome the resilience of the body and perform work on it.
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where p f  =  force;
dh. =  distance;

fd h  — dv =  corresponding change in the volume of the working 
body.

In Fig. 3 this elementary work is represented by the shaded 
area. The work of 1 kg of the working body for a finite change in

the volume from iq to v2 is determined 
by the expression

va
I — J  p d v  kg-m/kg. (1-17)

If G kg of the gas having a volume V 
participates in the process of expan
sion, the work performed will be 
correspondingly

v a v a

L =  Gl — Q J p d v  =  J p d V kg-m.(l-18)
V, «/,

In the general case the specific pres
sure p is a variable and depends on 
v. For calculation of the integral the 

relationship p = f(v)  for the given process must be known. This 
relationship is graphically shown in a p-v diagram by curve 1-2 
(Fig. 3). It is obvious'that the work performed by the gas will 
depend on the nature of the curve representing the process and 
will be depicted by the area bound by the curve of the process, the 
two ordinates and the abscissa (area 1-2-3-4-1). The work per
formed by a gas upon expansion is assumed to be positive, and 
upon compression—negative.

Calculation of the Quantity of Heat. The quantity of heat in
volved in a thermodynamic process can be calculated in three 
different ways. One of them employs the conception of entropy.

Similar to elementary work being represented by the expression 
dl = pdv, the elementary quantity of heat can be represented by 
the expression

dq =  Tds  kcal/kg, (1-19)

where s =  specific entropy of the body.
The analogy existing between the expressions for dl and dq is 

not confined only to their mathematical form, but it also reflects 
the similarity in the nature of the two forms of energy exchange 
between the body and the surrounding medium. Indeed, work is 
a macrophysical form of transmitting energy directly observed in

Fig. 3. Process of gas expan
sion In a cylinder
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the surrounding macrocosm. Heat is the microphysical form of the 
manifestation of changes in energy, due to the uniformly random 
motion of the microscopic particles of a body.

From expression (1-19) it follows that an infinitely small value 
of the entropy is equal to the ratio of an infinitely small quan
tity of heat in the process dq to the temperature T at which the 
heat enters the system (for an infinitely 
small section of the process T may be 
assumed constant), i.e.,.

ds =  -Y~ kcal/kg-deg.

In studying the properties of entropy (see 
Chapter IV, Par. 3), it will be shown that 
entropy is a parameter of state of great 
practical importance, because it makes 
possible the plotting of the so-called heat 
diagram in which entropy is plotted along 
the x-axis and absolute temperature— 
along the y-axis, as shown in Fig. 4.

Just as in the p-v diagram the shaded area bound by the curve 
of the process and the x-axis represents work, it can be readily 
shown that in the T-s diagram the area bound by the curve of the 
process, the x-axis and two ordinates represents the amount of 
heat participating in the process. Indeed, integration of expression 
(1-19) gives

q =  j" T ds, (1-20}
Si

where T = f(s).

From Fig. 4 it follows that area t-2-2'-l'-l is equal to J  T d s -
i

Since the absolute temperature T is always positive, the sign 
of the change in entropy also determines the sign of dq, i.e., it 
allows us to judge whether heat is imparted to or taken away 
from the working body in the process under consideration.

Just as the amount of work, the amount of heat depends on the 
nature of the process, i.e., on the shape of curve 1-2 of the process 
(Fig. 4).

Another method of calculating the amount of heat follows from 
the concept of heat capacity.

In the general case the supplying of heat to or removal thereof 
from a body in a thermodynamic process results in a change in 
the temperature of the body.
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The ratio of the amount of heat participating in the process 
Aq to the corresponding change in temperature At is called the 
heat capacity of the body in the given process:

c A? 
At ' ( 1- 21)

Different amounts of heat are required to change the tempera
ture of a gas by I deg C in different temperature ranges. The heat 
capacity of gases is therefore variable for a given process and 
depends mainly on temperature.

Expression (1-21) shows the average amount of heat spent in 
a process upon raising the temperature of a gas by 1 deg C in the 
temperature range from t\ to t2. The heat capacity calculated in 
this manner is called the mean heat capacity cm:

The heat capacity corresponding to an infinitesimal change in 
temperature dt is called the true heat capacity.

dq
dt ' (1-23)

Heat capacity is usually related to a unit of substance (specific 
heat). Depending on the unit of substance selected, there are 
distinguished weight tfeat capacity, related to 1 kg of the working 
body (c kcal/kg-deg), volume heat capacity, related to 1 st m3 
(c' kcal/st m3-deg) and molar heat capacity, related to 1 mole of 
the substance (pc kcal/mole-deg). These heat capacities are relat
ed by the following equations:

c =  f  =  c'vst; (1-24)

c' =  ^  =  cy v — 22.4 — ‘"I

where 22.4 =  volume of a mole of gas under standard conditions.
Since the amount of heat depends on the nature of the process, 

heat capacity depends on the conditions under which the process 
of heat exchange between the gas and the surrounding medium 
goes on.

Among the different heat capacities possible for each working 
body of particular interest are the heat capacities characteristic 
of heat transfer in processes with a constant volume cv and a con
stant pressure cp.
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A certain relationship exists between these two heat capacities. 
For ideal gases this relationship is established by Mayer’s equa
tion known from physics,

cP — cv =  AR  (1-25)
or

V-cp- v .c v =  AvR =  ^ 8 4 8 * 2  kcal, (1-26)

i.e., cp >  c„. This is due to the fact that in a constant-volume 
process the heat communicated to the gas serves entirely to change 
the internal energy, depending only on the velocity of the mole
cules, which increases with a rise in temperature, whereas in a 
constant-pressure process the heat is spent not only for increasing 
the internal energy, but also to perform work against external 
forces.

According to the Van der Waals equation, for real gases
cp— cv > A R.

This relationship is based on the circumstance that upon the 
expansion of real gases (at p = const) not only external work, but 
also internal work overcoming molecular cohesion is performed, 
which explains the great amount of heat spent in the process. The 
heat capacity of real gases therefore depends both on the tempera
ture t and the pressure p.

£
The ratio of these two heat capacities £ =  —- finds a widecv

application in heat engineering.
The kinetic theory of heat capacity, which does not take into 

account the dependence of the heat capacity of an ideal gas on 
the temperature, establishes the following magnitudes of cv, cp 
and k depending on the valency of gases:

k

For monoatomlc gases . 3 5 1.6
For diatomic gases . . . 5 7 1.4
For polyatomic gases . . 7 9 1.3

The general expression for calculating the amount of heat parti
cipating in a process is obtained from formula (1-23):

dq =  cdt
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or
t,

q — J c d t .  (1-27)
ti

On the other hand, from formula (1-22) it follows that

=  (1-28)

In order to integrate expression (1-27) we must know the re
lation of the true heat capacity to temperature.

The quantum theory of heat capacity which takes into account 
the energy of intramolecular oscillations of the atoms establishes

the relation of heat capacity to 
temperature in the form of the fol
lowing exponential polynomial:

c =  a-\~b't-\-et2-\~ . . .  .

Engineering calculations are 
often performed with the aid of 
binomial formulas, or calculations 
are based on a linear relation 
between heat capacity and tem
perature:

c =  a -\-b t, (1-29)

where a, 6 =  numerical factors depending on the nature of the 
gas involved and the character of the process.

The relation between heat capacity and temperature is il
lustrated in Fig. 5.

Substituting expression (1-29) in (1-27), we get
ti /2

q =  f  cd t =  f  (a +  bt)dt  =  (a +  b *' +  (t2 — 7,). (1-30)
‘x ‘x

Upon comparing formulas (1-28) and (1-30), it can be readily 
seen that

c j ; , = a  +  b ± ± ± .  (1-31)

Thus, the mean heat capacity depends on both the extreme tem
peratures t\ and t2 which may vary within the widest limits. It 
would be practically impossible to compile tables for such a mul
titude of intervals.

B

Fig. 5. Relation of heat capacity to 
temperature i
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The amount of heat can be determined, however, without having 
to calculate the mean heat capacities in the temperature range 
from ti to t2. Indeed, expression (1-27) can be presented in the 
following form:

ti ti t\

<7 =  J  cd t =  j  cd t — j  cdt
/, o o

or, using the concept of mean heat capacity, we obtain a formula 
for calculating the amount of heat

q =  cm t h - c m ^ t x. (1-32)

The values of the mean heat capacities cm|o, depending only on one 
temperature, are given in reference tables.

Table 1 contains formulas for the true and mean molar heat 
capacities at a constant pressure for gases which are of importance 
in engineering.

In reference tables it is customary to write formula (1-31) not
with the factor b, but with y . In this instance to determine the
mean heat capacity in the temperature range from t\ to t2 the value 
of t in the formula should be replaced with t\ +  t2. Such formulas 
are given in Table 1.

Table 1

Qas True molar heat capacity at p= const, 
kcal/mole-deg C

Mean molar heat capacity at 
/r=const, kcal/mole-deg C

Within limits of from 0 to 1500 deg C

N, Pcp =  6.86 +  12.55 X I0-4t — 30.1 X 10-1¥ pC/)m =  6.92 +  6.13 X 10~“*
Hj =  6.95 — 4.99 X 10"5t +  0.555 X 10“ 'st2 ixcpm =  6 .88+  2.67 X 1 0 '4f
o2 iicp =  6.92 +  25.4 X 10~4t — 84.8 X 10“ 8f2 pCpm =  7.06 +  8.13 X 1 0 "4<
CO pcp =  6 .85+  16.8 X  — 33.9 X 10“ 6f2 pcpm =  6.94 +  6.7 X 1 0 "4<
Air pc„ =  6.90 +  14.87 X  — 20.1 X 10-8/2 ticpm =  6.94 + 5 .76  X lO "4*
h 2o pCp =  7 .90+  28 X 10"^ — 38.1 X 1 0 -12 3̂ licpm =  7 .90+  13.2 X  10~4<
co2 ticp =  8.80 +  96 X 10“ 4t — 6.4 X 10“ 6*2 + =  8-60 +  48.5 X

+  0.17 X 10“ V X 10-4* — 1.53 X 10" V

When it is necessary to calculate the amount of heat required 
to heat a mixture of gases, the heat capacities of the mixture can
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be determined by the following formulas:
n

weight heat capacity cmlx^ ^ c igi kcal/kg-deg;
i
n

volume heat capacity c'mix =  '£c'iri kcal/st m3-deg:
It

molar heat capacity \t-cmix — ^ 1\iciri kcal/mole-deg.
i

Example 5. Find the amount of heat required to heat air occupying a 
volume V = 4 cu m at a constant pressure p = 2 atm gauge from t\ =  100 deg C 
to t2 = 500 deg C. Solve the problem by two methods, using the weight and 
the volume heat capacities. Assume atmospheric pressure equal to 760 mm Hg. 

1st method. From formula (1-32)

Qp =  Cpmk Cpm |o'** =  Cpm/i Cpmf I’

where from formula (1-24)
Pcpm,. „ _  Pcpm7

Pm‘ ~  Pair ’ Pnh ~  Pair ’

From Table 1 we have 
pC/)ll!i =  6.94 -j-5.76 X K T4/, =  6.94 q- 5.76 X 10“ 4 X 100 =  7.00 kcal/mole-deg

PCpm, =  6 94 +  5J6 X 10 =  a94 +  5-76 X 10-4 X 500 =  7.23 kcal/mole-deg;
pair =  28.96 kg/mole.

Hence, 1
7 00 7 23

cpmx =  2^96 =  °‘242 kca'/l<g-deg; cpmi =  —  =  0.250 kcal/kg-deg

and, therefore,

<7j> = 0.250 X 500 -0 .242  X 100 = 100.1 kcal/kg. 
From equation (1-3) we determine the weight of the air

pV  _  ( 2 +  1.03) 10< X  4
RT 29.27 X 373 =  11.1 kg.

Thus,
Qp =  Gqp =  11.1 X 100.1= 1,111 kcal.

2nd method. The same amount of heat can be found with the aid of the 
volume heat capacity. In this instance formula (1-32) should be written as follows:

from formula (1-22)

Cpm i
H-c

Vp — cpmj2 Cpmxh ’

7.00
2 li1 =  2^4=  0,312 kcaI/st m3'deg:
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similarly,
pcpm-i 7.23

Pm 1 22,
=  22^" =  0.322 kcal/st m3-deg.

Hence
qp =  0.322 X 500 — 0.312 X 100 =  129.3 kcal/sl m3.

The volume of the air should be reduced to standard conditions:

P stV s t P v
T  st ~  T

whence

Therefore
V« - V - k * LT

st . 3.03X273 aR t — =  4 =  8.6 st cu m1.033 X  373 

Qp =  Vstqp =  8.6 X 129.3 =  1,111 kcal.

Example 6. Determine the mean molar heat capacities at constant pressure 
and constant volume in a temperature range from h = 400 deg C to /j =  
=  600 deg C for a mixture of gases of the following composition by volume:

C 0 2=14.5%; 0 2 =  6.5%; N2 =  79.0%.

From the formula
n

iLCPm m ix  =  =  p m c Q f  CO,~\~ P cp m o f  0 2 |J'Cpm N!r N: .

Using Table 1 we find the relationship in the general form 

pr = (8 .60 +  48.5 X  10” 4<) X 0.145+(7.06 +  8.13 X 10" V) X
p m ir

X  0.065 +  (6.92 +  6.13 X 10“ 4<) X 0.79 =  6.05 +  12.02 X  lO-4 *.

Substituting the sum +  U for /, we get
pc =  6.05 +  12.42 X 10“ 4 (400 +  600) =  7.29 kcal/mole-deg;

” mix

from equation (1-26) we obtain
Pc ~  Pcpm — 2 =  7.29 — 2 =  5.29 kcal/mole-deg.vntmir y,*mir

5. Internal Energy of a Gas
Every body in any state possesses a certain total energy E con

sisting, in the general case, of the kinetic energy of the visible 
motion of the body as a whole K, the potential energy P, due to 
the position of the body in any external field of forces (gravitation
al field, for instance), and the internal energy U consisting of the 
energy of motion and interaction of the separate microparticles 
composing the body under consideration:

E =  K + P + U  kcal.

3-814

(1-33)
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If the body as a whole is at rest and there is no external field 
of forces, the total energy of the body will consist only of its in
ternal energy.

From the molecular point of view the internal energy of a body 
(gas) consists of the kinetic energy of motion (translational, ro
tary and oscillatory) of the molecules and atoms Uh and the po
tential energy Up due to molecular interaction, and it is referred 
to as heat energy in engineering thermodynamics.

U =  Uk-\-U p kcal.
It should be mentioned that the internal energy of an ideal gas 

consists of the kinetic energy of the molecules, since due to the 
absence of molecular interaction in an ideal gas Up = 0.

The kinetic energy of molecules depends on the temperature. The 
internal energy of an ideal gas is therefore a single-value function 
of temperature U = f(T), which is confirmed by experiment 
(Joule’s law).

Since the internal potential energy of molecular interaction 
depends on the distance between the molecules which is determined 
by the volume v, then the internal energy of a real gas will depend 
not only on the temperature, but also on the volume v and pres
sure p. From this property of the internal energy it follows that 
its change does not depend on the nature of the process, but does 
depend only on the initial and final states of the gas involved.

Hence, the change in the internal energy of 1 kg of an ideal gas 
depends only on the initial and final temperatures of the gas:

Au =  u2— ui =  f l (Tl) — f 2(T2) kcal/kg,
i.e., for all processes with an equal change in temperature the 
change in the internal energy will be one and the same.

Thus, for instance, if in a process v = const the gas neither 
expands nor performs work, the heat received by the gas 
q =  cv(T2 — Ti) will only cause an increase in the internal energy 
of the gas, i.e.,

bu =  cv (T2 — Tl) kcal/kg, 
or in the differential form

du =  cvdT. (1-34)

As a change in the internal energy of an ideal gas is independ
ent of the nature of the process, and depends only on a change in 
temperature, formula (1-34) expressing the change in the internal 
energy of ideal gases is true for all thermodynamic processes.

Thus, the internal energy is a function of the parameters p, v, 
T, and it may also be considered as a parameter of state.
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6. Enthalpy of a Gas
Let us consider 1 kg of a working body located under a piston 

in a cylinder with a pressure p (Fig. 6). To balance the pressure 
of the gas p, a load with a weight G =  pf should be placed upon 
the piston. In this case the full energy e of the system under consi
deration (gas and weight) consists of the internal energy of the 
working body u and the potential energy of the 
weight:

G h =  p f h — pv  kg-m/kg,
i.e..

e =  u -\-A p v  kcal/kg.
The energy pv is referred to as the potential 

energy of pressure. Thus, if a working body is 
placed in a surrounding medium at a pressure p, 
then any state of the body is characterized by a 
certain amount of energy e which is the sum of the 
internal energy u and the potential energy of pres
sure pv. The value u +  Apv is called the enthalpy 
or heat content of a gas and is designated by i:

i =  u Apv  kcal/kg. (1-35)

The enthalpy of a gas is a function of state, since u and pv 
acquire certain values for each state of the gas. Therefore, i can 
itself serve as a parameter of state. Consequently, the change At. 
the same as the change Au, is independent of the path of the pro
cess, and depends only on the initial and final states. For a closed 
(cyclic) process the change in Au and Ai is equal to zero.

In the differential form equation (1-35) will be:
di =  du +  Ad {pv).

From formula (1-34) du = cvdT, and pv = RT, therefore 
di =  cvdT  -)- A R d T  =  (cv +  AR) dT.

Since from formula (1-25)
cv ~F AR — cp,

the formula for calculating the change in the enthalpy of an ideal 
gas will be:

di =  cpdT  (1-36)
or

te =  i2 — i1 =  cp {T2— T1) kcal/kg. (1-37)

G=pf

Fig. (3. Deter
mining enthalpy 

of a gas

3*
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7. Entropy
Apart from the five parameters of state p, v, T, u and i considered 

above, one more parameter of state, viz., entropy s, is widely used 
in thermodynamics. In Par. 4 it was shown that

Replacing dq with its value from equation (1-23), we obtain the 
general expression for a change in the entropy of an ideal gas in 
reversible processes

or in a given process with a constant heat capacity the change in 
entropy will be

In engineering thermodynamics the absolute value of entropy 
is of no interest whatsoever, and only its changes in the corre
sponding processes are determined. The zero value of entropy is 
conditionally taken therefore at a temperature t = 0 deg C. Usually, 
the values of s or As are determined by calculation and tabulated, 
or used to plot diagrams which are of great aid in practical cal
culations. Entropy is Measured in the same units as heat capacity, 
namely, kcal/kg-deg.

T;
(1-38)

T,



C h a p t e r  II
T H E  F I R S T  L A W  O F  T H E R M O D Y N A M I C S  A N D  I N V E S T IG A T I O N  
O F  T H E R M O D Y N A M I C  P R O C E S S E S

1. The Law of Conservation and Conversion of Energy
There are several kinds of energy (kinetic energy connected 

with the visible motion of a body, electric energy caused by the 
motion of electrical charges, internal energy related to molecular 
motion, etc.). The existence of different kinds of energy is explained 
by the qualitative difference in the concrete forms of motion of 
material bodies. Dialectical materialism indicates that motion is 
inseparable from matter and is a form of existence of matter. 
Therefore, motion can neither be created nor destroyed, the same 
as matter. Energy is a measure of the motion of matter.

According to the law of conservation of energy, energy can 
neither be created nor destroyed, and can only be transformed 
from one kind into another.

The works of the renowned Russian scientist M. V. Lomonosov 
(1711-1765) greatly contributed to the establishment of this law. 
It was Lomonosov who, departing from the kinetic theory of 
matter, rejected the then predominating metaphysical theory, and 
was the first, to formulate the general principle of conservation of 
matter and energy in the terms of his time. We must note the pro
found analysis of the law of conservation of energy made by 
F. Engels who indicated that this law “is the absolute law of 
nature”.

V. I. Lenin has called the law of conservation and conversion 
of energy “the establishment of the basic principles of materi
alism”.

The Principle of Equivalence of Energy. The advent of the steam 
•engine (I. I. Polzunov’s engine in 1765, and Watt’s engine in 1784) 
was the cause for starting investigations of the processes of pro
ducing mechanical work from heat.

After Lomonosov a number of scientists substantiated and de
veloped the law of conservation and conversion of energy, mainly 
contributing to the determination of the equivalence of different 
kinds of energy.

It was shown that all kinds of energy can be converted one into 
another in equivalent proportions.
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For the case of the mutual conversion of heat energy (Q) and 
mechanical energy (L) this proportion can be represented in the 
following form:

Q0 =  AL and L =  EQ0,
where Q0 =  heat converted into work;

.4 =  heat equivalent of mechanical work;
E =  mechanical equivalent of heat.

The works of Rumford (1798), Davy (1802), Carnot (1830), 
Mayer (1842), Joule (1843) and other, investigators established 
the equivalents of heat and work.

In heat-engineering calculations it is assumed that

A =  -^j- kcal/kg-m and £  =  427 kg-m/kcal.

2. The First Law of Thermodynamics
When bodies undergo a change in state during different thermo

dynamic processes, the bodies may receive from or, on the con
trary, impart to the surrounding medium energy in the form of 
heat (Q) or work (L), and, as a result, the total energy of a body 
undergoing a thermodynamic cycle (E) will change. Then, accord
ing to the law of conservation and conversion of energy, we may 
write:

, Q +  ( -A L )  =  EE*, (1-39)
i.e., the summary action of the surrounding medium on the work
ing body in the form of'heat and of work during a certain interval 
of time is spent to change the energy of the working body during 
that interval of time.

When expressed in such a form, the general principle of conser
vation of energy is referred to as the first law of thermodynamics.

■From equation (1-33) it follows that the total energy E of a 
body consists of: (a) internal or heat energy U\ (b) kinetic energy 
of the visible motion of the body as a whole K\ (c) potential 
energy P.

The last two components can be called the external energy Eex.
In the general case, therefore, equation (1-39) will become

Q +  (— AL) =  A U -)- A Eex
or

Q =  M J L E ex-\-AL  kcal. (1-40)

* The minus sign preceding L is explained by it being assumed in thermo
dynamics that the signs of two flows of heat and work similarly directed in 
respect to the body are opposite.
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The first law of thermodynamics can thus be formulated as 
follows: in a thermodynamic process the heat energy imparted to 
a body is spent to change its internal and external energies and 
to perform work against external forces.

thermodynamics often deals with processes of change in the 
state of a body in which the body as a whole does not move, i.e., 
the centre of gravity of the involved body remains stationary, or 
in which the thermodynamic phenomena are considered from the 
point of view of an observer connected to the 
centre of gravity and moving with it.

For this instance * the external energy of the 
body remains unchanged and

Q =  M J-\-AL  kcal,
or for 1 kg

<7 =  Am +  A l kcal/kg. (1-41)
Fig. 7. Energy bal-

Equation (1-41) is the mathematical expres- ance in a thermo- 
sion of the first law of thermodynamics and it dynamic process 
shows that the heat imparted to a body is spent 
to change the internal energy and produce external work. This 
equation may be presented graphically as a balance of energy of 
thermodynamic processes (Fig. 7).

For an infinitesimal change in state the equation of the first law 
of thermodynamics will become

dq =  du-\~ A d i. (1-42)
Since according to equation (1-16) dl = pdv, then equation 

(1-42) may be written as follows:
dq =  du-\~Apdv. (1-43)

Equation (1-43) is true both for ideal and real gases.
Using equation (1-34), the equation expressing the first law of 

thermodynamics for an ideal gas may be written in the following 
form:

dq =  cvd T -\~Apdv. (1-44)
Making use of equation (1-35) for enthalpy expressed in the 

differential form
di =  du-\~ Ap dv  -(- Av dp =  dq -(- A v dp,

we obtain one more form of the equation of the first law of thermo
dynamics:

dq =  di — A vdp . (1-45)

* The equation of the first law of thermodynamics for gas flow is consid
ered below (see Chapter III, Par. 6).
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It should be noted that du is a full differential, for u is a function 
of state; dq and dl are only infinitesimal values depending on the 
path of the process and are not, therefore, full differentials. In 
order to indicate this difference dq and dl are sometimes replaced 
with special symbols bq and 6/.

3. Investigation of the Basic Thermodynamic Processes for Ideal 
Gases

The investigation of thermodynamic processes is aimed at 
establishing the regularity of change in the parameters of state of 
the working body throughout a process and determining the special 
features of energy conversion in the process. For this purpose the 
process is analyzed in the following sequence:

(1) the equation of the process is deducted in p-v and T-s 
diagrams;

(2) the relation between the parameters (p, v, T) in the process 
is established;

(3) the change in internal energy in the process is determined;
(4) the external work of the gas during the process is estab

lished;
(5) the heat input required to carry out the process is evaluated.
The data obtained in this manner permits to investigate the

special features of energy conversion in the given process.
Simultaneously the changes in enthalpy At and entropy As 

between the initial anti final states of the process are found.
From the great diversity of processes possible the first to 

be selected are the most simple or the so-called basic processes, 
namely, the processes at constant volume (v = const), at constant 
pressure (p= -const),, at ^constant temperature (T = const), and 
also the processes at q =  0 or dq =  0.

The Constant-volume Process (v =  const). In the p-v diagram 
the •'Process-is -graphically presented by a straight line parallel to 
the p-axis (Fig. 8a).

Having written the equations of state for the extreme points 1 
and 2 and divided one equation by the other by members, we 
obtain a formula showing the relation of the parameters or proper
ties of a gas in the constant-volume process:

or
p lv =  R T i\ p2v =  R T2

P\ =  T,
Pi T 2 (1-46)

i.e., in the constant-volume process the pressure of the gas is 
directly proportional to absolute temperature.



THE FIRST LAW OF THERMODYNAMICS 41

Bearing in mind that the change in internal energy is independ
ent of the kind of process, and is determined only by the initial 
and final states of the gas, the change in the internal energy in 
the constant-volume process as in any other process is determined 
from formula (1-34):

Au =  u2 — ul =  cv (T2 — Tl) =  cv (t2 — /,)- (1-47)
In any process the external work is determined by the formula

V2

I — f  p d v  kg-m/kg.

For the constant-volume process dv = 0, hence 1 = 0.
From equation (1-42), for the constant-volume process we get

dqv =  du.
Taking into account equation (1-47), we obtain

qv =  u2 — U\ =  cv (t2 — /,) kcal/kg, (1-48)
i.e., in the constant-volume process all the heat received by the 
gas is used only to change its internal energy.

Fig. 8 . Constant-volume process in p-v  and T-s diagrams

It must be mentioned that the constant-volume process may be 
accomplished by heating (Fig. 8, process 1-2) or cooling 
(process 1-2').

From the general expression for the enthalpy (1-37) we find the 
change in enthalpy during the process (at constant heat capacity)

Ai =  i2 — i l =  Cp(t2 — t l) kcal/kg. (1-49)
The expression for the change in entropy in the constant-volume 

process can be obtained from the general relation (1-38)
TAs =  cv In —  kcal/kg-deg, (1-50)
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where cv = heat capacity of the body in the constant-volume 
process.

From equation (1-50) it follows that a logarithmic relation 
exists between entropy and temperature. In the T-s diagram this 
relation is shown by curve 1-2 (Fig. 8b).

It was previously shown that in the T-s diagram the area 
bound by the process curve represents the amount of heat partici
pating in the process. Hence, area l-2-S\-s2-l is equal to the 
amount of heat q required to carry out the constant-volume pro
cess. Process 1-2 goes on with heat being received by the gas 
and the entropy increases. In the process represented by curve 1-2' 
and going on in the reverse direction with a decrease in entropy 
heat is rejected from the gas. The balance of energy for this process 
is graphically shown in Fig. 8a.

The Constant-pressure Process (p =  const). From the definition 
of the process it follows that in the p-v diagram its equation is 
expressed by the line p = const. Hence, in the.p-u diagram the 
constant-pressure line (isobar) will be straight line 1-2 parallel to 
the n-axis (Fig. 9a),

Fig. 9. Constant-pressure process In p-v and T-s diagrams

The relation between the parameters is determined here in the 
same way as in the constant-volume process. Upon writing the 
equations of state for two points 1 and 2 of the process

p v x =  RT{, pv2 =  RT2

and dividing the first equation by the second one by members we 
obtain

v\ _  T,
l<2 T 2 (1-51)

i. e., the volume of a gas increases with a rise in its temperature.
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The change in internal energy during a process is determined 
from formula (1-34):

Au =  cv (t2— t j) kcal/kg.

Using the general expression for calculating work
2

I — J  p dv

and taking into account that in the constant-pressure process 
p = const, we obtain the general expression for calculating work 
in this process

l =  p f  dv =  p (v 2 — Vi) kg-m/kg. (1-52)

According to the equation of state for ideal gases,
R T , . 

P '
v2 RT2

P

Substituting these values in equation (1-52) gives:
l — R (T 2— 7 )̂ kg-m/kg. (1-53)

For a process involving not 1 kg but G kg of gas, the formula 
for work will be

L =  GR(T2 — r,) kg-m. (1-54)

From equation (1-53) it follows that the gas constant R is the 
specific work * produced by gas expanding in the process p =  const 
with a change in temperature of 1 deg C.

The heat required for the process to take place can be calculated 
departing from the conception of the heat capacity of the process, 
or based on the first law of thermodynamics.

According to equation (1-24),.
dqp == Cp dT,

where cp = heat capacity of a gas in the constant-pressure 
process.

For the final process 1-2
qP =  cp(T2- T l) kcal/kg. (1-551

Work related to 1 kg of gas.
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From equations (1-55) and (1-37) we obtain the general formula 
for calculating the amount of heat in the constant-pressure process

qP =  h  — (1*56)

i.e., the heat participating in a constant-pressure process is equal 
to the change in enthalpy in the process.

The change in entropy in a constant-pressure process can also 
be calculated from the general expression (1-38), assuming that
C Cpl

As =  cpl n ~ .  (1-57)

Hence, in the T-s diagram the isobar is a logarithmic curve 
(Fig. 9b). The dotted line represents the constant-volume process.

Fig. 10. Constant-temperature (isothermal) process in p-v and T-s diagrams

Since cv >  cv, isobar 1-2 will be less steep than the line of the 
constant-volume process. Process 1-2 (expansion) goes on with 
heat input (+  q). Process 1-2' (compression) takes place with a 
decrease in entropy, i. e., with removal of heat (— q). The energy 
balance is graphically shown in Fig. 9a.

The Isothermal or Constant-temperature Process (7* =  const). 
The equation of this process is derived from the equation of state

pv  =  const, (1-58)

i.e., in the p-v diagram the isothermal line is a section of an equi
lateral hyperbola (Fig. 10a).

The relation between the parameters can be obtained from equa
tion (1-58):

Pt_ __ ±2_ 
Pi v t

(1-59)
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The change in the internal energy of an ideal gas in the iso
thermal process Au =  0, since dT =  0. Hence, all the heat received 
by the gas during this process is used for the work of expansion. 

The external work in this process can be calculated from for-
RTmula (1-17) by substituting p in this formula with p =  from

the equation of state.
Then, putting the constant factors outside the integral, we ob-

tain V2
l =  R T f  ̂ -  =  RT\n% - kg-m/kg.

Vi
or, since

Vi _  P\
VI Pi '

then
l =  R T ,\ n-^-. (1-61)

Pi

The heat required for the process to go on is equal to the external 
work (since Au =  0):

q — Al — A R T \n ~ ■ kcal/kg (1-62)

or based on equation (1-19)
f  =  7’(i2- 4  (1-63)

Equation (1-40) shows that the change in enthalpy in the iso
thermal process is equal to zero, because dT =  0.

The expression for the change in entropy in the isothermal pro
cess can be derived from equations (1-62) and (1-63):

As =  s2 — Sj =  .AT? I n k c a l / k g - d e g .  (1-64)

In the TVs diagram the isothermal line will be a straight one 
parallel to the s-axis (Fig. 106).

The Adiabatic Process (dq =  0; q = 0). The equation of the 
adiabatic process in the p-v diagram can be derived from the 
expression of the first law of thermodynamics.

dq =  d u -\-A pdv , 
dq =  di — A vdp,

with account taken of certain features of an ideal gas (du =  c„dT 
and di =  cpdT).
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Therefore

whence

or

dq =  cvd T A p  dv =  0 or cvdT — — A pdv, 
dq — cpd T — A vd p  =  0 or cpdT =  Avdp,

v dp 
p dv

k p d v - \-v d p  =  0.

Integration of this expression yields the equation of the process
pvk =  const, (1-65)

where k  =  adiabatic exponent; at constant heat capacity k  does 
not depend on temperature.

In the p-v diagram the adiabatic line is an unequilateral 
hyperbola (Fig. 11a). A comparison of the adiabatic line and the

vi V, Vi V f
fa ) Ib)

Fig. 11. Adiabatic process In p-v and T-s diagrams

isothermal one (shown by a dotted line) indicates that the rate of 
change in pressure in the adiabatic process is greater than in the 
isothermal process.

The relation between the parameters in this process is obtained 
from equation (1-65) thereof:

(the relation between p  and u). (1-66)

The following equations of state can be written for two points 
of the process under consideration:

P\V\= R T ^
and

=  RT i*
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whence
P\ _ Ti v2 
Pz T2 v, (1-67)

Substituting the ratio of the pressures with their values from 
equation (1-66) in equation (1-67), we obtain

T± ( 1- 68)

(the dependence between T and v).
Solving equations (1-66) and (1-68) together, we find the re

lation between p and T:
k-1

h - — ( lL V r  
T2 \P2/ (1-69)

The change in the internal energy is determined from the 
general expression (1-34):

=  cv (t2 — î) kcal/kg.

The external work produced during a process can be found from 
the first law of thermodynamics, formulated for the adiabatic pro
cess

0 =  du +  A dl, (1-70)
whence

dl =  — or  ̂= — "x (w2 — u\) kg-m/kg, (1-71)

i.e., in the adiabatic process the work is equivalent to the reciprocal 
of the change in internal energy.

Taking into account the equation expressing the change in the 
internal energy of an ideal gas, we get

l =  - ^ c v{T2- T l) =  ̂ { T x- T i). (1-72)

c RReplacing -j- with from equation (1-25), we obtain

0-73)

or replacing T, and T2 with their values from the equations of 
state, we get

l =  j ^ rT(p1v 1— p 2v2). (1-74)



48 ENGINEERING THERMODYNAMICS

Rearranging equation (1-73) and taking into account equation 
(1-70), we get

The change in enthalpy in an adiabatic process is calculated 
from general expression (1-36):

hi =  cp(T2 — T,) kcal/kg.

The change in entropy in the adiabatic process is zero, for from

adiabatic process takes place at s = const.
In the T-s diagram the adiabatic line will be a vertical straight 

line (Fig. 116), where 1-2 is the adiabatic process of expansion, 
and 1-2', the adiabatic process of compression.

Polytropic Processes. Processes are said to be polytropic * if they 
satisfy the equation

where n = polytropic exponent which may have any value.
Polytropic processes permit to investigate the diverse phenomena 

taking place in heat engines.
It can easily be shown that the previously considered processes 

are special cases of polytropic processes.
Indeed, assuming n = 0 in the equation pvn =  const, we obtain 

pv° =  p =  const, which is the equation of a constant-pressure pro

cess; assuming n = ±  oo, we obtain p ±mv =  v =  const—the con
stant-volume process; assuming n = 1, we obtain pv =  const—the 
isothermal process; assuming n = k, we obtain pvh =  const—the 
adiabatic process.

The relation between the parameters and the expressions for 
work in a polytropic process are similar to those for an adiabatic 
process, since the equation of a polytropic process coincides in 
form with that of an adiabatic process in which the exponent k 
has been replaced with the exponent n, namely:

* The name comes from the Greek words “poly”—many, "tropos"—path, 
direction.

(1-75)

the definition of the process dq =  0 and ds =  ^ ~  =  0. Hence, the

p vn =  const,

(1-76)
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The same relates to the expression for external work

/ = ^ T ( r , - r !) =  ^ r [ i  kg-m/kg. 0 -77)

In a polytropic process the change in internal energy is found 
by the general expression for ideal gases,

A u =  cv (T2 — Tl).
The amount of heat in a process can be found from the first law 

of thermodynamics (equation 1-41)

gn =  ^  +  A l =  cv(T2 — T1)-\-A-^— (T2— r i) kcal/kg (1-78)

or from the conception of the heat capacity of a process (1-27)
qn =  cn(T2- T l), (1-79)

where cn = heat capacity of a gas in a polytropic process, having 
a constant value for the given process.

From equations (1-78) and (1-79) we get

Cn (Ta ~  TJ =  Cv (T2 - T x) +  A - J L -  (T2 -  7\).

Cancelling the term 7 \— T2 and taking into account that 
AR =  cp — cv = cv(k — 1), we obtain an expression for the heat 
capacity of a polytropic process

Cn =  Cv— ~ (1-80)

Further, from equations (1-79) and (1-80) we get an expression 
for the amount of heat in a polytropic process

qn =  cv —  (T2- T x). (1-81)

The polytropic exponent n can be easily calculated if p and v 
at two points of the process are known. In this instance from 
equation (1-76) we obtain

-El  —  ( I M "
Pi \  }

or
log —  =  « log — ,6 Pi B  v ,

whence

n
log

Pi

log —
K V,

4 -8 1 4

(1-82)
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The change in entropy in a polytropic process can be determined 
from expression (1-38):

A s  =  C.  In - y r - .1 1

Taking into account equation (1-80), we get

^  =  c v ^ —  I"-Jp 0-83)

In order to facilitate finding the arrangement of processes with 
different values of ti in the p-v and T-s diagrams, curves of 
special processes are plotted which can be used to determine the 
relative arrangement of polytropic curves for other values of n, as

n*1 n=M

----- processes w ith  heat addition
-----processes w ith heat rejection

processes w ith dq*0(q-0)

Fig. 12. Special cases of polytropic processes shown in p-v and 
T-s diagrams

well as to find the sign of q and Au (AT) in these processes 
(Fig. 12).

A characteristic feature of all polytropic processes of expansion 
(Ao >  0) is that they can be divided into three typical groups, 
each of which has a common energy balance diagram. The nature 
of energy conversion is common in each group, but the quanti
tative distribution of the three energy balance components is 
different.

Table 2 contains the special features of the three groups of poly
tropic expansion processes.
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Table 2

Group Limits of polytropic 
exponent n All Q

Heat capacity 
of process

Energy balance 
diagram

1 —  co <  n  <  1 A u  >  0 q  >  0 Cl a V 0

11 1 <  n  <  k A u  <  0 q  >  0 c „ <  0

in k  <  n  <  + c o A u  <  0 q  <  0 c „ > 0

^  w r i

Example 7. Ten kg of air are cooled from 100 to 10 deg C in a closed 
vessel. Find the final pressure p2 of the cooled air and the amount of removed 
heat, if the initial pressure Pi =  1.5 ata. The heat capacity of the air is assumed 
to be constant (c„ =  0.1711 kcal/kg-deg).

From formula (1-46)
PL _ T J_ _  100 +  273 373
p2 T2 10 +  273 — 283 ’

whence

Pi= 1 3 2 =  m  =  114 ata>
From formula (1-48)

qv =  Cv — <,) =  0.1711 (10 — 100) =  — 15.4 kcal/kg.

For G = 10 kg
Q - Gqv =  10 (— 15.4) =  — 154 kcal 

{the minus sign indicates that the heat is removed).

Example 8. The volume of oxygen weighing 2 kg at a temperature t = 
= 27 deg C has increased 1.5 times as the result of heating at a constant 
pressure p =  3 ata. Determine the amount of heat required for the heating and 
the quantity of heat that has been spent to change the internal energy and to 
perform external work (cp = 0.2185 kcal/kg-deg). From equation (1-51)

T2 =  —  T , =  (27 +  273) X  1.5 =  450° K. 

t2 =  T2 — 273 =  450 — 273 =  177° C.

From formula (1-55)
qp =  cp (t2 — =  0.2185 X 150 =  32.8 kcal/kg
Q =  Gqp =  2 X 32.8 =  65.6 kcal.

From formula (1-54)
O4O

L = G R { t1 — l l) =  2 X - 33- X. 150= 7,950 kg-m.

4 *
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The heat spent to produce external work

AL = 7950
427 18.6 kcal.

The heat spent to produce a change in the internal energy 
AU =  Q — AL  =  65.6 — 18.6 =  47 kcal.

Example 9. Two kg of air is compressed in an isothermal, an adiabatic and 
a polytropic processes at n = 1.3.

In all three cases the volume of the air reduces 5 times. Determine for each 
of these cases the final parameters, the change in internal energy, the work 
spent, the amount of heat in the process and the change in entropy, assuming 
that / 1 =  17 deg C and pi =  2 ata. Plot the processes in p-v and t-s  diagrams.

Isothermal compression. From equation (1-3) the initial volume of the air 
will be

Vl GRTt
Pi

2 X 29.27 X 290 
2 X 104 =  0.849 cu m.

The final volume
0.849 =  0.170 cu m.

From expression (1-59) the final pressure will be

p2 =  Pi —  =  2 X 5 =  10 ata.Vi
Since the process goes on at t = const, ti =  ti — 17 deg C and the change 

in internal energy is
Au = cv (t2 — <i) = 0./

The work in the process

L =  G RT{ In —  =  2 X 29.27 X 290 X 2.3 lo g - i  =  — 27,260 kg-m.t/| O
The amount of heat participating in the process

Q =  AL =  — -X=- 27,260 =  — 64 kcal (1. e., heat is rejected).

The change in entropy

As =  AR  In —  =  -fir- 29.27 X 2.3 log — =  — 0.11 kcal/kg-deg.Uj 4J7 u
Adiabatic compression. The initial volume in =  0.849 cu m, the final volume 

Vi =  0.170 cu m (the same as for isothermal compression).
From equation (1-67)

Pi_ /M *
Pi I « i /

where k = ^  =  1=1.4 H.cp 5
(for divalent gases), the final pressure is determined 

P i  =  2 X 51 4 =  19 ata.
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T h e  t e m p e r a t u r e  a t  t h e  e n d  o f  a d i a b a t i c  c o m p r e s s io n  is  f o u n d  f ro m  e q u a t io n !  
(1 -6 9 ) :

7-2 = 7-, )  =  2 9 0  X  5 0-4 =  5 5 0  d e g  K .

T h e  w o r k  in  th e  p r o c e s s  is  f o u n d  f ro m  e q u a t io n  (1 -7 3 )

d  o q  97
I =  (7-, -  7-2) =  (2 9 0  -  5 5 0 )  =  -  1 9 .4 5 0  k g - m /k g .

F o r  G = 2  k g

L =  G X  I =  2  (—  19 .4 5 0 ) =  —  3 8 ,9 0 0  k g - m ..

T h e  c h a n g e  in  i n t e r n a l  e n e r g y

A (7  =  AL  =  —  ( —  3 8 ,9 0 0 )  =  —  9 1 ,2  k c a l .

T h e  a m o u n t  o f  h e a t  in  th e  p r o c e s s

q  =  0.
T h e  c h a n g e  in  th e  e n t r o p y  o f  t h e  a i r  in  th e  p r o c e s s  

A s =  0 , l .e ., s  =  c o n s t .

Polytropic compression. T h e  p r e s s u r e  a t  th e  e n d  o f  c o m p r e s s io n  is  f o u n d  
f ro m  e q u a t io n  (1 -7 6 ) :

\ B
Pi =  Pi =  2  X  5 1'3 =  16 .2  a ta .

T h e  f in a l  t e m p e r a t u r e  c a n  b e  f o u n d  f ro m  e q u a t io n  (1 -7 6 )  o r  f ro m  th e  e q u a 
t io n  o f  s t a t e

w h e n c e

w h e r e

p2v2 =  GRT2,

p2v2 16 .2  X  10 4 X  0 .1 7 0  
GR ~  2 X 2 9 . 2 7

vi 0 .8 4 9

=  471 d e g  K ,

v2-- 0 .1 7 0  c u  m.

T h e  w o r k  in  th e  p r o c e s s

R  90  97
i - — T  <Ti -  t 2)  =  - j 2  _  t  (290  “  4 7 1 )  =  - 17-665  k g - m / k e-

L =  Gl =  —  2  X  1 7 ,6 6 5  =  —  3 5 ,3 3 0  k g - m .

T h e  c h a n g e  in  i n t e r n a l  e n e r g y  ( a t  cv =  c o n s t ) :

A u =  c „  ( 7-2 -  7 - ,)  =  ( 7-2 -  7 - ,)  =  (471  -  2 9 0 )  =  3 1 .3  k c a l / k g ,

W  =  G A u =  2  X  3 1 .3  =  6 2 .6  k c a l .
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The amount of heat in the process

Q =  AU +  AL  =  6 2 .6  +  ~  ( —  3 5 .3 3 0 )  =  —  2 8 .8  k c a l .

The change in the entropy of the air is found from formula (1-83)
n —  k T t 5  1 .3 — 1.4 471  n n o o , . . .

T  ln  T 7  =  2 8 3 6  1 .3 - 1  2 3  Ioe  2 9 0  =  ~ 0 -0281  k c a l / k g - d e g .

The results of calculation are given in Table 3.
Table 3

n Pi V\ T, V5 P-i T, L At; Q As

i 2 0 .8 4 9 2 9 0 0 .1 7 0 10 2 9 0 — 2 7 ,2 6 0 0 — 6 4 - 0.11
1.3 2 0 .8 4 9 2 9 0 0 .1 7 0 16.2 471 — 3 5 ,3 3 0 6 2 .6 — 2 8 .8 — 0 .0281
1.4 2 0 .8 4 9 2 9 0 0 .1 7 0 19 5 5 0 — 3 8 ,9 0 0 9 1 .2 0 0

The relative arrangement of the compression curves is shown in Fig. 13.

IF lg .  13. R e la t i v e  a r r a n g e m e n t  o f  p o l y t r o p i c  c o m p r e s s io n  p r o c e s s  c u r v e s  in  p-v
a n d  T-s d i a g r a m s



C h a p t e r  III
W A T E R  V A P O U R  A N D  S T E A M

1. Process of Vaporization in p-v  and T-S Diagrams
Steam (water vapour at or above boiling point is usually called 

steam) has found wide application as a working body in heat 
engineering. This is explained by the following: (1) water is the 
most abundant substance in nature; (2) water and steam possess 
relatively good thermodynamic properties; (3) water and steam 
do not act harmfully on metal and living organisms.

Vapour is an intermediate phase between liquid and gas. The 
properties of a vapour at high temperatures and a low pressure 
approach those of ideal gases. In heat engines and heat-exchange 
equipment vapour is used at such pressures and temperatures that 
the laws and equations for ideal gases cannot be applied to it. In 
such states vapour is considered to be a real gas and the corre
sponding equations of state (see Chapter I, Par. 1) are employed 
for it. The most accurate equations of state for water vapour or 
steam are very complicated and their use for calculations involves 
the expenditure of considerable time. Practical calculations are 
therefore usually carried out with the aid of tables and diagrams 
based on experimental data.

Extensive work in compiling the most accurate tables and dia
grams for steam has been conducted by the Soviet scientists.
M. P. Vukalovich, V. A. Kirillin, I. I. Novikov, D. L. Timrot and
N. B. Vargaftic.

A liquid can be turned into a vapour by evaporation or boiling.
Evaporation denotes a process of vapour formation that occurs 

only from the surface of a liquid. This process takes place at any 
temperature and consists in the escape of the most active mole
cules from the liquid.

Boiling is the name given to a process of vapour formation that 
goes on throughout the entire mass of a liquid, when a certain 
amount of heat is imparted to the liquid through the walls of the 
vessel. The vapour bubbles forming at the walls of the vessel and 
inside the liquid rise to the surface of the liquid upon growing in 
volume.

By condensation is meant the process of conversion of a vapour 
into the liquid phase, upon the removal of heat from the vapour-
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A distinguishing feature of steam power plants is that the work
ing process in them is connected with a change in the phase of 
the working body, i.e., with the transformation of a liquid into a 
wapour and vice versa.

In steam boilers the process of vaporization takes place at a 
■constant pressure. Let us consider this process in the p-v and 
T-s diagrams (Fig. 14).

F ig .  14. P r o c e s s  o f  v a p o r i z a t i o n  In  p-v  a n d  T-s d i a g r a m s

Let us assume that a steam boiler contains 1 kg of water at a 
pressure p, initial temperature of 0 deg C and a volume Vo. In the 
diagrams this state of the water is shown by point a. If the water 
is heated at constant'pressure, its temperature and volume will 
increase, the temperature of the water rising only to a certain 
value. This state will correspond to the commencement of boiling 
of the water, in the diagrams it is shown by point b. The further 
application of heat will be accompanied by an increase in the 
amount of steam generated x kg and a reduction in the amount 
of water (1 — x) kg.

Point c corresponds to the moment when all the water is con
verted into steam (x =  1) having a volume v". Experience shows 
that during the period of vaporization (section b-c) the temper
ature remains constant and equal to that of the water at point b. 
This temperature is called the boiling point or saturation tempera
ture (ts). If we continue to impart heat to the steam, its tempera
ture and volume will increase (section c-d).

Between the states b and c the working body consists of water 
and steam, the two components being in a state of equilibrium. * 
In this state steam is referred to as saturated.

Saturated steam can be either dry or wet. At point c, where all
* I n  t h i s  s t a t e  th e  n u m b e r  o f m o le c u le s  e s c a p i n g  f ro m  th e  l iq u id  is  e q u a l  

to  t h a t  r e t u r n i n g  in to  th e  l iq u id .
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the water has turned into steam (a: = 1), the latter is said to be 
dry saturated steam or simply dry steam. This state of the steam is 
unstable, therefore, upon slight cooling at a constant pressure part 
of the steam turns into a liquid, the temperature remaining con
stant. A mixture of steam with fine dispersed particles of water 
suspended in it is called wet saturated steam or simply wet steam. 
Hence, the line b-c represents wet steam.

The weight fraction of dry saturated steam in wet steam is 
called the dryness fraction and is designated by x\ the fraction of- 
water in the wet steam, equal to 1 — x, is referred to as the 
fraction of liquid.

The temperature of saturated steam is equal to the boiling point 
(ts) and depends on the pressure which the steam is under.

If we continue to impart heat to dry saturated steam (point c) 
at p = const, its volume and temperature will increase (line c-d). 
Steam having v > v"  and t >  ts is caUed^superheated steam.

Thus, the process of imparting heat to water under a constant 
pressure in a steam boiler is accompanied by the following changes 
in the state of the water: along the isobar a-b (Fig. 14) the 
water is heated to the boiling point ts\ the section b-c of the 
isobar represents the process of vaporization, this process also 
being isothermal. Along the line c-d the steam is superheated to 
the required temperature t, and in the T-s diagram the isobar 
c-d is a section of a logarithmic curve.

If we consider water under another pressure p' (point a') and 
repeat the process of imparting heat to the water, we shall obtain 
new characteristic points b' and c' corresponding to the beginning 
and end of vaporization. Upon connecting points a,a ' . . .; b,b' . . . ;  
c, c' . . . .  we obtain three characteristic lines I, II, III.Line. I (in 
the p-v diagram) corresponds to the state of water under differ
ent pressures and at t = 0 degC. Since water is a practically in
compressible liquid, line /  is a straight line almost parallel to the 
i/-axis. Line II corresponds to the beginning of vaporization at 
different pressures and is called the lower boundary line or bound
ary liquid line. The points characterizing the state of dry steam 
at different pressures form the so-called upper boundary line or the 
boundary line of dry saturated steam (line III).

With an increase in the pressure lines II and III converge at- 
point k which is called the critical point. Point k corresponds to 
an ultimate critical state of the substance at which the difference 
between the liquid and the vapour phases disappears.

All parameters relating to this point are called critical param
eters and have the following values for water (according to 
M. P. Vukalovich):
pcr =  225.65 kg/cm2; /cr =  374.15 deg C; vcr =  0.00326 m3/kg.
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If in a p-v diagram we draw steam compression isothermals 
for temperatures below (isothermal T\c\ b', T{) and above (iso
thermals T and 72) the critical temperature, it is easy to come to 
the conclusion that liquefaction of superheated steam (gas) is 
possible only at temperatures below the critical one, since only 
under these conditions do the isothermals cross the lower boundary 
line and enter the liquid phase. The isothermals for a temperature 
above Tcr approach those for an ideal gas (isothermal T2).

2. Determining the Parameters of Steam of Different States
Due to the insignificant compressibility of water, it has been 

found possible to neglect (for not very high temperatures) the 
influence of pressure on the change of its properties.

It was agreed to take the point on liquid line II (Fig. 14) for 
t = 0 deg C and pso =  0.00623 ata (point 0) as the datum for u, i' 
and s of water. Under these conditions u0 = 0, i0 = 0 and s0 =  0. 
Hence, point a in the T-s diagram corresponds to the state of 
water at t = 0 deg C and various pressures. The values of the 
properties of water on line II (x =  0) at other temperatures are 
given in tables (ps, v', s').

The internal energy of water heated to the boiling point (point b) 
can be calculated from the expression

u' =  i' — Apsv ' kcal/kg.
1

Since for moderate temperatures the value Apsv' is relatively 
small, it can be assumed that u' ^  i', where i' =  enthalpy of liquid 
read from the datum point.

The quantity of heat required to heat 1 kg of water from 0 deg C 
to the boiling point ts is called the heat of the liquid. Since the 
process a-b is isobaric, the heat of the liquid will be

<7i == I' — <0=  cp (ts — 0) — cpts «  ir kcal/kg. (1-84)

For ts < 100 deg C it can be assumed that i' ~  ts, since at these 
temperatures the heat capacity of water cp differs very slightly from 
unity.

In the T-s diagram (Fig. 14) the heat of the liquid qi or the 
■enthalpy of the liquid f  is shown by the shaded area under the 
line a-b.

The entropy of boiling liquid can be calculated from the expres
sion

, dq d T d T  . . .ds =  y  — cp -jr- ~  -y -  (assuming cp ~  I),
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whence

s ' - s 0 =  s ' = f ^  =  \ n ^ .  ( 1- 85)
273

Dry Saturated Steam (point c). The parameters of state of dry 
saturated steam are fully determined by the pressure of the steam 
or its temperature. The values of v", i" and s" are given in various 
tables against ps and ts. The value of u" is determined from the 
formula

u" =  i" — Apsv" kcal/kg.

The amount of heat required to transform boiling water into dry 
steam is called the latent heat of vaporization r.

From the first law of thermodynamics for the process b-c

r =  u" — u' -+- Aps (v" — v')

it follows that the latent heat of vaporization is spent to change 
the internal energy at a constant temperature (i.e., to overcome 
molecular attraction or for the work of disgregation) and to per
form the work of expansion.

Denoting
u" — u’ =  p and Aps(v" — =

we obtain
r  =  p +  f  (1-86)

The value p is called the internal heat of vaporization and 
—the external heat of vaporization. In the T-s diagram the 

latent heat of vaporization is shown by the shaded area under the 
straight line b-c. Therefore the enthalpy of dry steam is equal to

i"==i/ +  r  (1-87)

and is measured by the area abcs"s'a. Since the temperature re
mains constant in the process of vaporization, the following 
expression can be obtained for the entropy of dry steam:

s" =  s' +  -£- kcal/kg-deg. (1-88)
* S

Wet saturated steam is a mixture of x parts by weight of dry 
saturated steam at a temperature Ts and (1 — x) parts by weight 
of water at the same temperature. Therefore, the volume of wet
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steam with the dryness fraction x (point cx in Fig. 14) is equal 
to *

vx =  xv" +  (\ — x ) v '^ x v " .  (1-89)

Obviously, the enthalpy and entropy of wet saturated steam can 
be calculated from the formulas

ix =  i '- \-rx  keal/kg. (1-90)

sx =  +  keal/kg-deg.
* S

(1-91)

The internal energy of wet steam is equal to 
ux =  ix — Apvx keal/kg. (1-92)

Superheated Steam (point d). In contrast to saturated steam the 
state of superheated steam is determined not by one but by two 
independent parameters, namely, pressure and temperature. The 
■volume of superheated steam is determined with the aid of equa
tions of state for superheated steam, which are quite complicated. 
Usually the properties of superheated steam are found from tables, 
such as those contained at the end of the book.

Superheated steam is produced by adding heat to dry saturated 
steam at a constant pressure.

9sap =  ct m (t — ts) =  i — i" keal/kg. (1-93)

The enthalpy of superheated steam is equal to
i =  — keal/kg (1-94)

or
i =  i '- \-r  +  crm (t — ts) kca 1/kg.

It is clear that in the T-s diagram the enthalpy of superheated 
steam will be measured by the area bound by isobar abed and the 
jc-axis.

The internal energy of superheated steam is determined from 
the equation

u =  i — Apv  keal/kg.

The elementary increment in entropy when steam is superheated 
at a constant pressure

* F o r  o r d i n a r y  c o n d i t i o n s  t h e  v a lu e  ( I — x)v ' is  r e l a t i v e l y  s m a l l  a n d  t h e  
s e c o n d  t e r m  c a n  b e  n e g le c te d .
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and for the entire process c-d

s — s"

If we assume cp = const = cpm, then

s — s" =  cpa In —  .

At a pressure p and a temperature T the entropy of superheated 
steam will be

s =  s" +  cfJ n -  kcal/kg-deg. (1-95)
* S

In contrast to ideal gases the heat capacity of superheated 
steam cp depends not only on the temperature, but also on the

Z4 
Cp

to
u
i t  
1.0

“ 100 ZOO 300 too soo°c
F i g .  15. R e la t i o n  o f  h e a t  c a p a c i t y  o f  s u p e r h e a t e d  s t e a m  to  t e m p e r a t u r e  a n d

p r e s s u r e

pressure. Besides, cp is not a linear function of temperature (see 
Fig. 15).

3. The i-s (Mollier) Diagram for Steam
The i-s (enthalpy-entropy) diagram (Fig. 16), which consider

ably simplifies calculations, has found wide usage in studying 
heat processes.

The diagram is plotted on the basis of tabulated data: first the 
lower (a-k) and upper (k-c) boundary lines are plotted, then the 
isobars, which coincide with the isothermals in the region of satu
rated steam, and are straight lines. In the region of superheated 
steam the isobars and isothermals diverge, the isobars turning
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upwards and the isothermals (the dotted lines) running assymp- 
totically to the horizontal. Besides, lines of constant dryness frac
tion are plotted in the region of wet steam. The same diagram 
often shows lines of the constant-volume process.

The i-s diagram has a number of valuable properties: it per
mits to rapidly determine the properties of steam with sufficient 
accuracy; the diagram can be used to find the enthalpy of steam 
and the difference in enthalpies in the form of line sections to

illustrate the adiabatic process, which is of great importance in 
the investigation of steam engine performance, and to solve a 
number of other practical problems. For practical purposes one 
usually plots the so-called working section of the i-s diagram 
(bounded by the dotted line in Fig. 16).

4. Thermodynamic Processes of Water Vapour (Steam)
As has been mentioned above, steam, as a real gas, does not 

conform to the simple laws relating to ideal gases, therefore steam 
processes are calculated by means of tables, or graphically with 
the aid of diagrams.

It is most convenient to appraise the nature of the change in 
the parameters of steam in different processes in the enthalpy-en
tropy diagram (Fig. 17). Special attention must be paid to the 
various laws governing the change in the parameters of steam, 
depending on its state (saturated or superheated). In order to
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calculate the work done and the amount of heat participating in 
a process general expressions which are applicable both to ideal 
and to real gases should be used.

F i g .  17. B a s ic  w a t e r  v a p o u r  p r o c e s s e s  in  i-s d i a g r a m

Expressions for calculating the work and heat involved in a 
thermodynamic steam process are given in Table 4.

E x a m p le  10. F in d  th e  p r o p e r t i e s  o f  w e t  s t e a m  a t  a  p r e s s u r e  p =  6  a t a  a n d  
a  d r y n e s s  f r a c t i o n  x = 0 .94 .

T h e  t e m p e r a t u r e  o f  th e  s t e a m  ( s e e  A p p e n d ix  .1) ta =  158 .08  d e g  C . T h e  s p e 
c if ic  v o lu m e

v x =  v"x  =  0 .3 2 1 4  X  0 .9 4  =  0 .3 0 2 1  m 3/ k g  (%/' is  t a k e n  f ro m  A p p e n d ix  1).

F ro m  e q u a t io n  (1 -9 0 )  th e  e n th a lp y

ix =  i ’ -j-- rx  — 1 5 9 .4 - ) -  4 9 8 .9  X  0 -9 4  =  6 2 9 .4  k c a l / k g .

T h e  i n t e r n a l  e n e r g y  is  f o u n d  f ro m  e q u a t io n  ( 1 -9 2 ) :

ux ix —  Apvx  6 2 9 .4
6 X  10< X  0 .2 9 3 6  

4 2 7
588 .1  k c a l / k g .

T h e  e n t r o p y  is  d e te r m in e d  f ro m  e q u a t io n  ( 1 -9 1 ) :

T 7  “  a 4 5 9 4  +  l S b s T ^  =  1 5 2 6  k c a , / k g - d e g .
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Table 4

Process Application Amount of work Amount of heat

C o n s l a n l - v o l - G e n e r a l  e x p r e s s io n /  =  0 q =  u2 —  u,
u m e F o r  i d e a l  g a s e s /  = 0 q =  cv (t2 — t , )

I s o b a r lc G e n e r a l  e x p r e s s io n 1 =  p ( v 2 — v  | ) q =  i2 —  i .
F o r  i d e a l  g a s e s l =  R ( t 2- t i ) 1NcxII

I s o th e r m a l G e n e r a l  e x p r e s s io n
, q — Au 

~  A q =  t , ( s 2 —  s , )

F o r  I d e a l  g a s e s I =  piVi I n 
ti,

q =  ART  I n - ^ -
v,

A d i a b a t i c G e n e r a l  e x p r e s s io n
, U\— U2

~  A q =  o

F o r  i d e a l  g a s e s l = - ~ T (Tl - T 2) q =  o

fc-\

E x a m p le  11. S u p e r h e a t e d  s t e a m  a t  i\ =  35 0  d e g  C  e x p a n d s  a d i a b a t i c a l l y  
f r o m  pi =- 3 0  a t a  to  p2 =  2 a ta .

U s in g  th e  i-s d i a g r a m ,  d e t e r m in e  i>,, i , ,  t2, v2, x2 a n d  u2.

F ig .  18. A d i a b a t i c  e x p a n s io n  In i-s d ia g r a m

I n  th e  i s  d i a g r a m  ( F ig .  18) w e  fin d  p o in t  A c h a r a c t e r i z i n g  th e  i n i t i a l  s t a t e  
o f  th e  s t e a m ,  w h ic h  g iv e s  i\ =  7 4 8  k c a l / k g  o n  th e  v e r t i c a l  i ( e n th a lp y )  a x i s  a n d  
s, = s2 =  1 .608 k c a l / k g - d e g  o n  t h e  h o r i z o n t a l  s  ( e n t r o p y )  a x is .  T h e  a d i a b a t i c  
e x p a n s io n  o f  s t e a m  w i l l  b e  s h o w n  b y  a  v e r t i c a l  l in e  (s =  c o n s t )  e x t e n d i n g  to  
t h e  p o in t  o f  i n t e r s e c t io n  w i th  th e  i s o b a r  p2 = 2  a t a .  T h u s ,  p o in t  2 c h a r a c t e r i z e s
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th e  f in a l s t a t e  o f  th e  s t e a m  w i th  a  d r y n e s s  f r a c t i o n  x2 =  0 .9 3  a n d  i2 =  
=  61 0  k c a l /k g - d e g .

T h e  t e m p e r a t u r e  o f  th e  s t e a m  a t  p o in t  2 is  d e te r m in e d  b y  th e  i s o th e r m a l  
p a s s i n g  t h r o u g h  th i s  p o in t .  T h is  is  th e  i s o th e r m a l  w h ic h  r u n s  t h r o u g h  t h e  p o in t  
o f  in te r s e c t io n  o f  th e  i s o b a r  p2 =  2  a t a  w i th  th e  b o u n d a r y  l in e  x =  1, i. e., 
t 2=  120 d e g  C . T h e  sp e c if ic  v o lu m e s  a n d  v2 a r e  d e t e r m in e d  b y  th e  v a lu e s
o f  th e  c o n s t a n t - v o lu m e  l in e s  p a s s i n g  th r o u g h  p o in t s  /  a n d  2 (o i  = 0 . 1 4  m 3/ k g  
a n d  v2 =  0 .9  m 3/ k g ) .

5. Humid Air
Air is practically never absolutely dry. It always contains a 

certain amount of moisture in the form of water vapour. A mixture 
of air and water vapour is called moist or humid air.

A knowledge of the properties of humid air is of special import
ance in designing and operating drying and air-conditioning 
equipment which is employed to a great extent in many branches 
of industry and municipal services.

Humid air containing the maximum quantity of water vapour 
at the given temperature is said to be saturated.

All the relations derived for mixtures of ideal gases may also, 
with a certain degree of approximation, be applied to humid air. 
According to Dalton’s law, the pressure of humid air pbar is

Pbar Pa P v  ^  " P a ~t~ P v '

where pa and pv =  the partial pressures respectively of dry air 
and water vapour.

The partial pressure p„ is determined from ..Saturated-steam 
Tables according to the dew-point temperature or. dew point td. 
The dew point is the temperature to which humid air must be 
cooled at constant pressure for the ajr to become saturated. This 
temperature is determined with the atd of a psychrometer.

By absolute humiditu is meant the weight of water vapour in 
grams contained in 1 cubic metre of humid air.

Numerically, the absolute humidity of air is equal to the spe- 
cific gravity of vapour at a partial .pressure yv.

The relative humidity of air (<p) is the name given to the ratio 
of the weight of the water vapour contained in 1 cu m of humid 
air to the maximum possible content of water vapour in 1 cu m of 
air at the given temperature and the same pressure y,:

? =  (1-96)
\S

Taking into account that in most cases the water vapour con
tained in air is superheated and that the equations for ideal gases

5 —614
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are applicable to water vapour with a certain degree of approxi
mation, we can write:

or

then,

P v v v =  RT  and psvs =  RT

Pv _  Vs _  t v  
Ps Vv i s  ’

(1-97)

i.e., the relative humidity of air can be defined as the ratio of the 
true partial pressure of water vapour to the maximum possible one 
at the given temperature.

When the dew point td and the temperature of the air t are 
known, it is possible, using Saturated-steam Tables, to determine 
the respective pressures p v and ps and calculate the relative 
humidity of the air cp.

Since during the process of drying the amount of dry air 
remains constant throughout the process, while the air humidity 
increases, the process of drying is appraised by the change in the 
amount of moisture per kg of dry air. This quantity is called the 
moisture content and is designated by

/
The numerical value of the moisture content can be calculated 

from the equation of state for air and water vapour:

PaV =OaRaT afld pvV =  GVRVT,

where V  and T  are respectively the volume and the temperature of 
the mixture of air and water vapour.

Dividing the second equation by the first one and substituting 
the gas constants with their values we get

Pit   ^  v P v  j  Py
Pa @a Pa Pa

or
■ _ _ Rg Pv _ 29.27 pv

Pv Pa 47.1 pa '
Since

Pa == B p v, then

d =  0-622 s ? v— . (1-98)D pv
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The enthalpy of humid air related to 1 kg of dry air is deter
mined as the sum of the enthalpies of the dry air ia and the water 
vapour ivd.

For dry air cp =  0.24 kcal/kg-deg, and ia = 0.24 t,

i — ia-\- ivd =  0.24t-\-ivdkca\jkg. (1-99)

When air is heated for the purpose of drying its moisture content 
does not change, i.e., d =  const.

In the process of drying d increases at the expense of evapo
ration of moisture from the product or material being dried, and 
the total enthalpy of the humid air notwithstanding the addition 
of water vapour to it does not 
change, i.e., i = const. This is 
due to the fact that the heat 
removed from the air in the 
process of drying returns to it 
with the evaporated moisture.

Consequently, drying is char
acterized by two processes tak
ing place at d = const and i =
=  const.

The i-d diagram proposed 
by the Soviet scientist Prof.
L. K. Ramzin in 1918 (Fig. 19) 
is very convenient for finding 
the parameters of the working 
body in these processes, and 
in designing drying equip
ment.

In this diagram the process 
going on in a drying installa
tion is shown as follows: first air with a relative humidity <pi and 
a temperature ti (point A in Fig. 19) enters an air heater where 
it is heated to the temperature t2 (point B), the relative humidity 
of the air dropping to <pa. This process goes on at d =  const 
(straight line AB). The difference in the ordinates (iB — i'A) 
represents the amount of heat spent in the heater to heat 1 kg of 
air. Then the air is directed into a dry-kiln where moisture is 
evaporated from the material being dried at conditions of constant 
enthalpy (straight line BC).

The difference (dc — dA) is the quantity of moisture separated 
in the dry-kiln per kg of dry air.

5 *
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6. Flow and Throttling of Gases and Vapours
Up to the present processes of change in state have been con

sidered in which the working body does not have a high visible 
velocity, whereas the motion of gases and vapours at high veloc
ities is the most important feature of the working processes going 
on in many machines (steam and gas turbines, jet engines, etc.).

The accelerated flow of gas through relatively short passages 
of special shape (nozzles) is called outflow.

If the pressure of the gas in section I is higher than that in 
section II (Fig. 20), then the difference in pressure will cause 
the gas to flow.

The process of expansion of a gas flowing at a high velocity 
can be regarded as a reversible adiabatic process, i.e., going on

with no losses due to friction and 
heat transfer. Besides, the flow
of gas in a passage is considered 
as a stationary and continuous 
flow (the same quantity by weight 
of the gas flows through all cross- 
sections of the passage).

The investigation of an outflow 
process consists of the selection 
of the type of nozzle, the calcula
tion of the outflow velocity
c2 m/sec, and of the quantity of 
gas by weight G kg/sec.

Let us consider the balance of 
energy for a gas flow through a 
passage (Fig. 20).

Work li = pJiSi =  PiVi must be done on the gas when it en
ters section I, while the gas itself does the work l2 =  p2f2s2 =  p2v2 
when it leaves section II.

Thus, when a gas flows through a passage, the work of exter
nal forces (forcing the gas through the passage) will be *

tf  =  p 2v2— p lv l.
If the total energy of the gas at sections I and II is designated 

respectively by ex and e2, then the drop in total energy (et — e2) 
according to the law of conservation of energy must be equal to 
the work spent to force the gas through the passage: 

e1 — e2 =  A (p 2v2— p lv 1) or 
_____________  ex +  Apxv x =  <?2 +  Ap2v2.

* In accordance with the rule accepted in thermodynamics for the signs of 
work, work done on a gas is considered to be negative.

/  n

-Cl n

---------------£ Ct

fh
Pi

fl>Pi, Vi '

Fig. 20. Gas flow through a nozzle
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If we neglect the external potential energy P, then the total 
•energy consists of the kinetic energy of the visible flow of the gas
as a whole and the internal energy u.

Then, *
c2 c2

«i +  AptV\ -|- A  -gj- =  «2 ~\r Ap2v2 +  A  -gj- •

Considering that u +  Apv =  i, we obtain

h +  A. =  h A -g^-. (1-100)

or in the differential form
A d ( ^ i ) =  - d i ' .  (1-101)

i.e., the increase in the kinetic energy of a gas in reversible 
adiabatic flow is equal to the difference in the enthalpies at the 
beginning and the end of expansion. The difference U — i2 = h0 
is called the available heat drop, while the increase in kinetic

4 4energy -gj- — -g— =  /a is referred to as available work, which can
be made use of, for instance, to impart torque to the shaft of a 
turbine.

The expression for calculating the velocity of adiabatic outflow 
through a nozzle can be derived from formula (1-100), assuming
Ci ~  0: _________

c2=  ] / ^ ( * ' i  — *'2) =  91 5 / h  — i2 m/sec. (1-102)

For steam it is convenient to determine the enthalpy difference 
h — h from the i-s diagram (Fig. 21), also known as the Mollier 
diagram, where the straight line 1-2 shows the adiabatic outflow 
process.

Employing equation (1-45) for the adiabatic process (dg = 0) 
and taking into consideration equation (1-101), we get

d ( ^ ) = ~ v d p  (1-103)
or

2g
*-i
2 g

Pi Pi

j  v  dp — J  vdp .
Pi p»

(1-104)
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It is easily seen that if in the p-v diagram (Fig. 22) process 1-2 
shows adiabatic outflow, then area l-2-p2-prl represents the avail
able work spent to increase the kinetic energy of the gas stream.

The expression for calculating the outflow velocity through the 
parameters p and u can be derived from formula (1-103).

Fig. 21. Process of adiabatic Fig. 22. Process of adiabatic 
outflow In i-s diagram outflow In p-v diagram

From the equation of state for the adiabatic process we find v:

pvk =  p xv* or v  =  -zij • (1-105)
/

From expressions (1-105) and (1-104), after integrating and 
simplifying, we get (assuming ct ^  0)

The amount of gas G flowing per second through a nozzle with 
a cross-section /2 (rate of flow) can be determined from the equa
tion of continuity Gv2 =  f2c2:

G =  (1-107)

The specific volume of the gas in cross-section f2 can be deter
mined from formula (1-105):

i

Substituting in equation (1-107) the velocity c2 with its expres
sion (1-106) and the specific volume v2 with the expression given
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above and simplifying we get:

<m o8)
An analysis of equations (1-106) and (1-108) shows that the 

Tate of flow and the velocity of a gas depend on the pressure
ratio — .

Pi
Fig. 23a shows the relation

< 7 = /^ - j .T h e  curve k-l-0 has
been plotted according to 
equation (1-108). From the 
chart it follows that the rate of 
flow G increases with a drop 
in the pressure p2 (the initial 
pressure p i is assumed to be 
constant) to a certain maximum 
(point I) and then the rate of 
flow diminishes (curve 1-0) 
and becomes equal to zero at 
Pi =  0.

Experiments show that the 
law governing the change in 
the rate of flow after the maxi
mum (point I) has been reached 
upon a further reduction in pres
sure is expressed by straight 
line l-m instead of curve 1-0.

Such a discrepancy between 
theory and actual conditions is 
explained by the following. The 
pressure p2 of the medium into 
which the gas flows spreads 
up to the throat of the nozzle 
(section II, Fig. 20) with the 
velocity of sound. As long as 
the velocity at which the wave 
of lower pressure propagates 
(with the velocity of sound a)
is greater than the outflow velocity (a >  c2) this wave will ap
proach section II with a relative velocity equal to w =  a — c2, and 
the pressure at the nozzle throat will always be p2; with a reduc
tion of p2 the velocity c2 and the rate of flow G (curve k-l) in 
crease correspondingly.

-2m' \

0.8 Pi/P,

Fig. 23. Rate of flow, velocity ane 
specific gas volume against pressurd

r a t i o  —  - v 
Pi
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At a certain pressure p2cr the outflow velocity becomes equal to 
sonic velocity (c2 =  a) and the relative velocity w at which the 
wave of reduced pressure propagates becomes equal to zero. From 
this moment on a further drop in pressure in the space beyond 
the nozzle does not affect the pressure p2cr established at the 
throat of the nozzle. As a result, the velocity and the rate of flow 
remain constant.

The pressure and the velocity at the throat of a converging 
nozzle which give the maximum rate of flow are called the critical 
ones (p2 cr» C2cr) *

If we denote the ratio by vcr, then, from formula (1-108)
one can determine the value of the ratio vcr at which the rate of 
flow reaches its maximum value. For this purpose it is necessary
to differentiate equation (1-108) in respect to — and determine

the value of for which the derivative found will equal zero. 
The maximum rate of flow will correspond to the value

v - t x f r P -

For a diatomic gas (k — 1.4) vcr = 0.528, and for superheated 
steam (k — 1.3) vcr == 0.546.

Substituting the value of vCT with its expression in equations 
(1-106) and (1-108), we find the critical velocity to be

C2 c r = \ /  ( 1 - 1 1 0 )

and the maximum rate of flow

Gm* * = f \ / 2 g ( r f r ) *  *• O -111)

For a steady gas flow in which the same quantity of gas by 
weight flows through every section of the passage at every mo
ment of time the following equation is true:

G v = /c .  (a)
Differentiating expression (a) with G = const,

G dv  =  /  dc +  c d f  (b)
and dividing equation (b) by (a) by members, we get

dv  __ dc . d f  d f ___ dv dc
v  c ' / or r v  c '
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An analysis of this equation shows that the shape of the nozzle 
(the sign of df) depends on the sign of the expression — — — .

From the charts representing the change in velocity and specific 
volume (Fig. 236, c) it is clear that in the subcritical (sub
sonic) region the rate of increase in volume A-u

is smaller than the rate of increase in velocity A c ^ - j  and the

nozzle must be convergent <  oj; in the supersonic region

j , on the contrary, the rate of increase in volume is 
greater than that of increase in velocity and a divergent nozzle 
is required (- >  o j .

Thus, to utilize all the available energy and to obtain a super
sonic velocity of the gas flowing out a divergent section must be

/ n

Fig. 24. Laval convergent-divergent nozzle Fig. 25. Gas throttling diagram

added to a convergent nozzle (Fig. 24). In such a convergent- 
divergent nozzle, called the Laval nozzle after its inventor, the 
critical velocity and the maximum rate of flow will be established 
at the narrowest cross-section of the nozzle called the throat. 
Further, in the divergent section of the nozzle, at a constant rate 
of flow Gmax. the velocity increases to the value determined 
by equation (1-106).

The Throttling of Gases and Vapours. The process of gas or va
pour flow through a narrow throat is called throttling. This phe
nomenon is accompanied by a drop in pressure due to the resist
ance to flow called forth by the contraction (Fig. 25). The drop 
in pressure (p i— p2) is the greater, the narrower the throat
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In the absence of heat transfer the equation of energy for a 
stream (1-101) acquires the following form:

Ad {~Zg) =  ~ d l '
For moderate flow velocities the change in kinetic energy can be 

neglected, therefore
dt =  0 o r / ,  =  r2. (1-112)

Thus, as a result of adiabatic throttling there is no change in 
the enthalpy of the body involved.

For an ideal gas this means that the temperature of the gas 
also remains constant in the process of throttling.

When a real gas is subjected to throttling its temperature may 
drop, increase or remain constant. The initial temperature of a

real gas at which the temperature of 
the gas does not change in the pro
cess of throttling is called the inver
sion temperature-, the approximate 
value of the inversion temperature 
is determined by the equation

Tinv =  §-15Tcn
where Tcr = critical temperature of 
the gas, deg K.

If the initial temperature of a gas 
differs from (is less than) the inver
sion temperature, the temperature of 
the gas changes (lowers) in the pro
cess of throttling.

As. the process of throttling is accompanied by friction this 
makes it irreversible, and it ' cannot, therefore, be presented 
graphically.

The simplest way of solving problems concerned with throttl
ing is to employ the i-s diagram. The final state of the steam is 
determined by the point at which the horizontal line passing 
through initial point 1 (Fig. 26) crosses final-pressure isobar p2.

Upon analyzing the process of throttling steam in the i-s dia
gram it can be shown that the temperature of the steam drops in 
this process.

Depending on the initial pressure, initial dryness fraction and 
final pressure, wet steam may remain wet, become dry, saturated 
or even superheated after throttling.

Example 12. Determine the velocity and amount of air flowing out of a 
nozzle if initial pressure pi =  60 ata, 11 = 27 deg C, final pressure p2 = 40 ata 
and nozzle outlet section area }2 =  20 sq mm.

diagram
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Since under the given conditions

" =  77 =  w  =  °-67; =  °-528: " >
the velocity of the stream does not become critical and is determined by for
mula (1-106):

r * -n
2^ —

■ - ( * ) *

m/sec,=  ] / " 2 X 9 - 8 1  y — T 6 0 X 1 0 *  X  0 .0 1 4 6  14  ]  =  2 5 0

where, according to the equation of state,
RT,  2 9 .2 7  X  3 0 0  A A , j e

'=  6 0 X  1 0 4 =  0 0 1 4 6  m  / k g '

The rate of flow (amount per second) is determined by formula (1-108)r
- f» y  2 g * Pi 

k —  1 V ,

k + \ ■ 

k

: 000002 V! x “ n ^ w [ @ u - @ " u  ] - 0242 ksft“ -
Example 13. Steam having an initial pressure p, =  20 ata and temperature 

t, =  350 deg C is discharged into the at
mosphere (p2 — 1 ata).

Determine the velocity at which it 
flows out through a simple and a con
vergent-divergent nozzles.

Since the entire process goes on 
almost in the region of superheated steam 
(see Fig. 27) we may assume vcr = 0.546.

For the instance under consideration

’ - 7 f - W - 005< ' -
Hence, there will be no full expansion 

of the steam and the critical pressure 
will be established at the nozzle outlet

p2cr =  0.546p, =  0.546 X 20 =  10.92 ata.
Fig. 27. Process of steam flow in 

i-s diagram

This means that the adiabatic expansion of the steam flowing through the 
nozzle will be represented by line 1-k instead of line 1-2 (Fig. 27). In this case 
the velocity at which the steam flows out is determined from the formula

c2 =  91.5 y i t — i2cr =  91.5 V^750 — 715 =  540 m/sec,
where i2cT corresponds to the state of the steam at

p2cr =  10.92 ata.
The velocity of steam flow through a convergent-divergent nozzle will 

exceed the critical velocity and can be determined by the formula
c2 =  91.5 J/"/, — i2 =  91.5 J^750 — 605 =  1,135 m/sec,

where i2 corresponds to a steam pressure p2 =  1 ata.



C h a p te r  IV
THE SECOND LAW OF THERMODYNAMICS

1. Cyclic Processes and the Carnot Cycle
Till now we have considered processes in which an expanding 

gas was free to perform external work. Indeed, gas confined 
within a cylinder having a piston is capable of producing work in 
any process of expansion I-m-2 (Fig. 28) at the expense of heat 
reception from outside or its internal energy, and all the heat 
received during the process of expansion can be converted into

Fig. 28. Cyclic process in p-v  and T-s diagrams

work. * These processes, however, are connected with continuous 
displacement of the piston in one direction, and the work pro
duced lt is limited by the size of the cylinder or other elements 
of the machine. To produce work in heat engines in the quanti
ties required in actual practice it is necessary that the process of 
expansion be periodically repeated, i.e., the gas returned to its 
initial state after expansion.

This can be accomplished by compression along curve 2-ti-l 
which requires a certain expenditure of work /2. If the work of 
expansion lt is greater than that of compression /2, then the two 
processes result in positive work t0 being obtained equal to the 
area lm2nl bound by the closed curve of both processes. As has

* For instance, upon isothermal expansion.
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been mentioned above, such a closed process is called a cyclic 
process or cycle. If such an arbitrary cycle is depicted in the T-s 
diagram it will be clear that the process of expansion of a work
ing body with the reception of heat q\ (process 1-m 2) is accom
panied by an increase in entropy. The process of returning the 
working body to its initial state (process 2-n-l), as can be seen 
in the diagram, is accompanied by a reduction of entropy, i.e., 
heat <72 is removed from the system.

Hence, the carrying out of a cyclic process on which the per
formance of heat engines is based requires that apart from heat 
<7i being imparted to the body," heat q2 be rejected from it.

Thus the continuous conversion of heat into positive work re
quires that a heat engine be of periodic action, i.e., the change in 
the state of the working body therein must be of a cyclic nature. 
To accomplish a cyclic process (cycle) it is necessary to receive 
heat from a high-temperature source <71 and give away a certain 
amount of heat q2 to a low-temperature sink. *

Since in a cycle the final and the initial states of the working 
body coincide, and, consequently, the change in the internal 
energy is equal to zero, the equation of the first law of thermo
dynamics for a cycle becomes

<7i ch  =  I 2 )  —  A l 0 .

To have the maximum possible useful work produced during 
a cycle it must be reversible, i.e., consist of reversible processes; 
real cycles always give a smaller amount of work.

To evaluate the work produced by such a periodically acting 
engine, it is important to know the fraction of the received heat 
converted into work (qt — q2 = <70).

The ratio of the heat converted into work (<70) to the heat 
received by the working body during a cycle (<71) is called the 
thermal efficiency of the cycle. Hence, the thermal efficiency of a 
cycle is equal to

To
7 i

7i —72 _  j __ £2
7 i  7 i

(1 -1 1 3 )

Since a heat engine cannot work without the rejection of heat to 
a low-temperature sink, i.e., q2 =£ 0, the thermal efficiency is 
always smaller than unity.

Thus, the requirement that a heat source and a heat sink hav
ing different temperatures Ti and T2 be available to ensure the 
continuous conversion of heat into work, and the impossibility of

* A body, the temperature of which does not change when heat is removed 
from it, is called a heat source, and when heat is added to it—a heat sink.
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complete conversion of the available heat into work in a peri
odically-operating engine are special features of heat energy.

The Cdrnot Cycle. The investigation of cyclic processes with 
the purpose of establishing the most advantageous conditions for 
the conversion of heat energy was initiated by the French engi
neer S. Carnot (1796-1832). Carnot .formulated the general con
ditions under which the conversion of heat into work is possible, 
and described the factors influencing the efficiency of this con
version.

Fig. 29. Carnot cycle In p-v and T-s diagrams

Cyclic processes (cycles) can be composed of the most diverse 
processes. The simplest is a cycle with a heat source and a heat 
sink having different temperatures. Bearing this in mind, as well 
as the condition of reversibility, * Carnot found that the sections 
of the cycle along which heat is either received by or rejected 
from the body should be isothermal.'Two isothermals, however, 
cannot form a cycle. If the possibility of further heat transfer is 
excluded, a cycle can be ensured only by combining two adia
batic lines 2-3 and 4-1 (Fig. 29a) with two isothermals T{ and T2.

Thus, the simplest reversible cycle must necessarily consist of 
two isothermals 1-2 and 3-4 and two adiabatic lines 2-3 and 4-1. 
Along section 1-2 the working body comes into contact with the 
high-temperature heat source 1 and heat <71 is added to the work
ing body.

In the T-s diagram (Fig. 29b) the process of adding heat is 
represented by straight line 1-2, while the amount of heat received 
<7i is shown by rectangle l-2-3'-4'\

ql =  area l-2-3'-4'-l =  7\ (s2 — Si). (1-114)

* It is required, in particular, that the temperatures of the source or sink 
and the working body be equal at any given moment of time.
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Upon completion of process 1-2 the working body is disconnect
ed from the heat source and expansion continues, as specified, 
along adiabatic line 2-3 without any exchange of heat with the 
surrounding medium.

The further change in state connected with the return of the 
working body to its initial state takes place along isothermal 3-4 
and heat q2 is rejected from the body to a low-temperature heat 
sink at a constant temperature T2 of the working body and the, 
sink.

The amount of heat rejected from the working body to the heat 
sink (refrigerator) is measured by area 3-4-4'-3'-3 in the T-s dia
gram:

q2 =  area 3-4-4 '-3 '-3= T2(s2 — sl). (1-115)

At point 4 the working body is isolated from the low-tempera
ture heat sink and further compression takes place along adia
batic line 4-1.

The thermal efficiency of the Carnot 
cycle is ' determined from formula 
(1-13):

Substituting qj and q2 with their 
values from formulas (1-114) and 
(1-115), we get-

< M 1 6 >

Thus, the thermal efficiency of the 
Carnot cycle depends on the absolute 
temperatures of the heat source and heat sink and does not de
pend on the properties of the working body (i.e., on whether the 
working body is an ideal or any real gas). This statement is 
called the Carnot theorem.

In cycle ABCD (Fig. 30) composed of arbitrary processes the 
addition and rejection of heat occurs under variable temperatures. 
Any such cycle can be replaced by an equivalent Carnot cycle 
1-2-3-4, in which the amounts of heat <71 and q2 and also the 
change in entropy are respectively equal to those of cycle ABCD. 
The mean integral temperatures of the added heat Tlm and the 
rejected heat T2m are determined for an equivalent Carnot cycle 
from the expressions

cycle

1 m ■ — and T.2m '
02_
As
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i.e., the mean integral temperatures in process ABC during which 
heat is added and in process CDA when heat is rejected are de
termined kas the altitudes of the rectangles, the areas of which 
are respectively equal to Sii4BCs2 and s2CDAs\.

From these expressions we get:
<7l =  T'\m &s ' <72 =  ^2m

Hence, the thermal efficiency of the arbitrary cycle is equal to 

^ = l - f = l - ^ - = l - ^ .  (1-117)H\ 1 \m as 1 im
Equation (1-117) shows that the thermal efficiency of an ar

bitrary cycle is equal to that of an equivalent Carnot cycle going 
on at the mean integral temperatures.

Hence, to increase the thermal efficiency of any cycle, the 
problem is to increase the mean temperature of the process during 
which heat is added to the system and to reduce the mean temper
ature of the process during which heat is rejected from the 
system. This is the important practical significance of the Carnot 
cycle.

It can also be readily shown that with a given temperature 
range between the heat source and sink the Carnot cycle has the 
maximum efficiency. Indeed, the arbitrary cycle ABCD uses the 
temperature range from Ty to T2 (Fig. 30) and its thermal effi
ciency is equal to

^ = 1— pa-, (M18)
1 i m

while for Carnot cycle l'-2'-3'-4' within the same temperature 
range,

Since for any outline of cycle ABCD T2m > T, and Ttm <  7'1, 
then

Vic > rlr
The fact that the thermal efficiency of the Carnot cycle is 

greater than, that of any arbitrary cycle is of great scientific im
portance, for the Carnot cycle permits to determine the degree of 
perfection with which heat is converted into work in existing heat 
engines.

From formula (1-116) it follows that the thermal efficiency can
not be equal to unity, for it is practically impossible to have 
T2 = 0 or Ti = oo.
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It should be mentioned that the formula obtained for the ther
mal efficiency of the Carnot cycle relates to a reversible cycle.

In real processes the transfer of heat from the high-temperature 
source to the working body and from the latter to the low-temper
ature sink occurs at a finite temperature difference, i.e., the 
cycle takes place in the absence of thermal equilibrium. Such a 
cycle is irreversible. In this case the working body will expand 
isothermally at Ti <  77 and compress at T2> T 2, and the effi
ciency of converting heat energy into mechanical work will be 
smaller than in a reversible cycle:

q0 T' T9
l Mrr= l _ ^ = l _ _ l < l (1-119)

?i Ti T\
The friction and eddies appearing when mechanical equilib

rium is absent are also connected with a loss of part of the work 
and a reduction in the thermal effi
ciency.

The Reversed Carnot Cycle. The
cycle considered above goes on in a 
clockwise direction. Such cycles are 
called straight cycles in contrast to 
cycles going on in a counterclock
wise direction, and named reversed 
ones. In the reversed cycle (Fig. 31) 
the working body first undergoes 
compression along adiabatic line 3-4, 
then along isothermal 4-1, heat 
amounting to qi kcal being rejected 
to the high-temperature source or reservoir. Then, the working body 
expands along adiabatic line 1-2, with a drop in temperature 
from 77 to 77, and then expansion goes on along isothermal 2-3 
and <72 kcal of heat is received from the low-temperature sink 
(refrigerator).

In the reversed cycle heat is removed from the cold body to 
the hot body at the expense of an input of external work equiva
lent to area 3-4-1-2-3.

Machines designed to produce artificial cold (refrigerators) or 
to transfer heat from the surroundings to a higher temperature 
level (heat pumps) use reversed cycles.

Any reversed cycle can be characterized by the ratio of the 
heat <72 removed from the low-temperature source (evaporator) 
to the work l0 spent for this purpose:

T
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Fig. 31. Reverse Carnot cycle 

In p-v  and T-s diagrams
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This ratio is called the coefficient of performance of a refrige
rator. It..can be easily shown that for a reversed Carnot cycle 
the coefficient of performance can be expressed in terms of tem
perature:

(?2   T 2______ I
Qi — Qi T ! — T 2 T [

T2 '
( 1- 121),

The Regenerative Carnot Cycle. In the given temperature range 
(T\-T2) not only the Carnot cycle, but also any other cycle con
sisting of two isothermals AB and CD (Fig. 32) and two other

processes BC and DA, the lines of 
which are equidistant, possesses the 
highest efficiency. It is imperative in 
such a cycle that during process BC 
heat from the working body be im
parted not to the low-temperature 
sink, but back to the working body, 
in the process of heating it DA,. 
with the aid of an auxiliary heat ex
changer (regenerator). It should be 
noted that the working body is con
nected to the external heat source 
and sink only along lines AB 
and CD.

Since curves BC and DA are equidistant, then area CBB'C' 
equals area DAA'D', i.e., the amounts of heat involved in these 
processes are equal, but of opposite sign. The amounts of heat q! 
and q2 in cycle ABCD are therefore the same as in Carnot cycle 
AB21. The equality of <7! and q2 in both cycles implies the equality 
of the thermal efficiencies of the cycles:

T
îtr "*1tc 1 Y f '

Fig. 32. Regenerative
cycle

Carnot

The principle of regeneration is extensively employed in modern 
heat-power and refrigeration plants, as a means of increasing the 
efficiency of cycles.

2. The Second Law of Thermodynamics
The first law of thermodynamics establishes the equivalence of 

heat and mechanical energy and the quantitative relationship for 
the conversion of either kind of energy into the other, but it does 
not mention the conditions of the conversion. From experience it 
is known that all kinds of energy can be converted into heat
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■energy without any limitations and additional conditions. On the 
ether hand, the conversion of heat energy into mechanical energy 
in continuously operating engines involves special requirements 
(the presence of a high-temperature heat source and a low-temper
ature sink, expansion of the working body), as was shown when 
considering cyclic processes. Besides, even in the most efficient 
ideal Carnot cycle only part of the heat can be converted into 
work, the other part being rejected to the low-temperature sink.

These propositions, characterizing the special features of heat 
■energy when being converted into work, express the essence of the 
second law of thermodynamics.

The Russian scientist M. V. Lomonosov was the first to draw 
attention to these features of heat energy as far back as in 1747.

In 1824 Carnot formulated the second law of thermodynamics 
as follows: to convert heat into work a difference in temperature 
must exist.

Continuing Carnot’s investigations, the German physicist 
R.. Clausius formulated the second law of thermodynamics as 
follows.

It is impossible for a self-acting machine, unaided by any ex
ternal agency, to convey heat from a body of lower to one of 
higher temperature.

3. Mathematical Expression of the Second Law of Thermody
namics and Change in the Entropy of an Isolated System

From formulas (1-113) and (1-116) it follows that for the re
versible Carnot cycle

oi__Jh_
T\ 72 •

If we consider the signs of the heat (<7i >  0 and q2 < 0), then

l r + ^ = ( ) o r S f = ° >
i.e., in the reversible Carnot cycle the sum of the reduced heats * 
is equal to zero.

This conclusion is true for any reversible cycle.
Let us consider an arbitrary reversible cycle (Fig. 33), and by 

means of adiabatic lines mm', nn' . . .  divide the cycle into an 
infinite number of elementary Carnot cycles mnn'm'm, where the 
sections mn and m'n' can be regarded as isothermals at tempera
tures Ti and T2.

* By reduced heat is meant the ratio of heat to the absolute temperature at 
which it is added to or rejected from the body.
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For each of the elementary Carnot cycles we may write 
S —- =  0r, and for the entire arbitrary cycle under consideration

cj) -y- =  0. (1-122)

The sign (j) denotes that the integral has been taken over the 
entire cycle.

The expression y -  is the entropy; hence, entropy can be defined
as the reduced heat of a reversible process.

From expression (1-122) it follows that the change in the en
tropy of a body in a cyclic process is zero:

§ d s  =  0. (1-123)

Entropy is therefore a parameter of state and ds is the total 
differential of a function of state.

Fig. 33. Arbitrary rever
sible cyclic process

Fig. 34. Change of entropy in re
versible and Irreversible processes

In case of an irreversible arbitrary cycle (Fig. 33), from for
mula (1-119) for an elementary irreversible Carnot cycle it 
follows that

1 _  ^  1 T;
dli ^  Ti

dll \  *̂2 anrl <̂1\

Taking into account that y  is negative and that its absolute 
dq,

or

value is greater than y ,  we get

2 t < 0'
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and for the entire irreversible arbitrary cycle

(1-124)

Combining expressions (1-122) and (1-124), we obtain

§ ¥ < o . (1-125)

where T =  absolute temperature of the heat sources and sinks.
Equation (1-125) is the mathematical expression of the second 

law of thermodynamics for cyclic processes, where the sign of 
equality relates to reversible, and the sign ‘‘less than” — to irre
versible cycles.

Now let us find the change in the entropy of a system perform
ing a thermodynamic cycle. If the reversible thermodynamic pro
cess depicted by 1-2 in Fig. 34 is being performed, then

Let us return the body from state 2 to state 1 by some irre~ 
versible process 2-1. Thereupon a closed irreversible process wilt

or
2

(1-126>

be obtained for which (ji ^  <  0 
or

2

I 2
Taking into account that for reversible process 1-2

2

this inequality can be presented in the form

2

but
ASi-2 =  — As2-1,
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hence,

; >  /  (■¥•),„ <'->27'
2

■or in the differential form

d s > ( ^ f ) ir /  (1-128)

Since the change in entropy As between'two equilibrium states 1 
and 2 depends only on the parameters of these states, then from 
expressions (1-126) and (1-127) the conclusion can be drawn
that for a reversible process J  4jO- is equal to the change in en
tropy As, while this integral is smaller than As for an irreversible 
process.

Hence, the difference

< ' - i 2 9 >

may serve as a measure of irreversibility of a process and of the 
heat losses involved.

Let us examine the change in entropy caused by reversible and 
irreversible processes in an isolated system (a system is said to 
be isolated if no heat is transferred between the system and its 
surroundings, i.e., q = 0 and dq = 0).

For an isolated system in which reversible processes are going 
on the change in the entropy of the system, according to equa
tion (1-126), is equal to

bssysl =  0 (1-130)
-or

s2 =  Sj =  const,

i.e., reversible processes do not call forth a change in the entropy 
■of an isolated system.

For an isolated system in which irreversible processes are tak
ing place from inequality (1-128)

^Ssyst >  0 (1-131)
or

•$2 51>

i.e., irreversible processes call forth an increase in the entropy 
of an isolated system.
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Combining expressions (1-130) and (1-131), we get
Asw<> 0 . (1-132)

This relation is also considered as a mathematical expression 
of the second law of thermodynamics and it expresses the prin
ciple of the increase in entropy.

Since the real processes taking place in nature are irreversible 
and are accompanied by an increase in entropy, Clausius came to, 
the conclusion that the entropy of the universe .tends to reach 
a maximum value, and the universe will finally reach thermal 
equilibrium, at which no heat processes are possible. He called 
this state “thermal death” of the universe. Reactionary philoso
phers have made use of this interpretation to substantiate the 
religious idea of the “end” and, consequently, the “beginning” 
of the universe with the aid of the second law of thermodynamics.

The assumption of Clausius that the entropy of the universe 
tends to reach its maximum value is anti-scientific because, first 
of all, Clausius spread without any proof whatsoever the conclu
sions relating to the increase in entropy of an isolated system to 
the universe, which is an infinite system.

Besides, the law of increasing entropy is based on the experi
mental observation of processes going on with macrobodies on 
the earth. In the universe, where matter is in a very rarefied state, 
processes with a decrease in entropy and accompanied by the 
liberation of enormous amounts of energy are possible.

L. Boltzmann and after him the Soviet scientists Smolukhovsky 
and Prof. N. N. Pirogov of the Kiev University, departing from 
the laws of statistical physics and the theory of probability, showed 
that the flow of heat from bodies having a higher temperature to 
bodies with a lower temperature, accompanied by an increase in 
entropy, is only the most probable occurrence, but not absolutely 
necessary.

Applying the laws of statistics to investigate the relationships 
covering the random motion of molecules of an ideal gas, Boltz
mann established the quantitative relation between entropy and 
the probability of a given state (P) determined by the equation

s =  k \nP .
Any process that brings an isolated system from a less prob

able into a more probable state is accompanied by an increase (n 
entropy of the system. The uniform distribution of the molecules 
of a gas over the entire volume of a vessel is the most probable. 
The random motion of molecules may disrupt the homogeneous 
density of the gas in the vessel. The stronger the disruption, the less 
probable is its occurrence. It is nevertheless possible, however,.
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and upon observing small objects with a low molecular content 
the probability of such disruptions becomes appreciable.

Thereforp, in certain particular cases the entropy of a system 
may diminish instead of increasing. In the microcosmos and in 
the vast spaces of the universe processes accompanied by a drop 
in entropy may occur. Hence, the second law of thermodynamics 
is not of an absolute but of a statistical nature.

Even before Boltzmann’s investigations F. Engels completely 
refuted the idealistic theory of “thermal death” of the universe 
which leads to the incorrect conclusion that matter and the mo
tion of matter are not perpetual.

Engels writes: “Hence we arrive at the conclusion that in some 
way, which it will later be the task of scientific research to demon
strate, it must be possible for the heat radiated into space to be 
-transformed into another form of motion in which it can once 
more be concentrated and become active. Thereby the chief diffi
culty in the way of the reconversion of extinct suns into nebulas 
disappears.”

A number of scientific discoveries made in recent years have 
.brilliantly substantiated this idea of Engels.

The works of Soviet scientists V. A. Ambartsumyan, V. G. Fes- 
.senkov and O. J. Schmidt have proved that the processes of star 
formation always took place and continue in our time, i.e., that 
processes occur in the universe which are accompanied by a con
centration of energy.



C h a p te r  V.
IDEAL CYCLES OF HEAT ENGINES

1. Cycles of Internal-combustion Engines
Heat engines differ one from another in the properties of the 

working bodies used in them, in the principles underlying the 
production of mechanical work, in the nature of the thermody
namic processes making up the cycle of the engine.

Engines in which the reception of heat and its conversion into 
mechanical work take place in the same working member (engine 
cylinder) are called internal-combustion engines.

From the thermodynamical viewpoint an internal-combustion 
engine, as any heat engine, should be designed to follow the 
Carnot cycle, which has the highest possible thermal efficiency.

Due to difficulties in design, however, it has proved impossible 
to produce an internal-combustion engine in which the processes 
of adding and rejecting heat would go on along isothermals. *

It was found most practically convenient to impart heat in 
a constant-volume or a constant-pressure process or in a com
bined constant-volume and constant-pressure process.

This is why the following three theoretical cycles, which are of 
practical importance, have been developed for internal-combustion 
engines:

(1) a cycle with heat added at v =  const;
(2) a cycle with heat added at p = const;
(3) a cycle with heat added both at v =  const and at p = 

=  const.
For the thermodynamic analysis of internal-combustion engine 

cycles the real processes taking place in the cylinder of an engine 
and accompanied by friction and heat transfer are conditionally 
replaced with reversible processes. It is assumed that the working 
body is an ideal gas and that the process in the engine is a closed 
cycle. In existing engines, however, the working body does not 
return each time to its initial state, but is exhausted from the

* For ti =  1800 deg C and t2=15 deg C encountered in modern engines, 
the application of the Carnot cycle would have been connected with pressures 
of about 3,000 ata and engines of a fantastic size (in existing engines the 
pressure reaches 40 to 50 ata).
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cylinder (exhaust) and replaced with a new working body (in
take). Notwithstanding such an idealization of the processes, 
a study of the theoretical cycles of internal-combustion engines 
is of great importance for establishing the most efficient condi
tions under which these engines should be used to transform heat 
■energy, and for determining the factors influencing engine effi
ciency.

Fig. 35. p-v  and T-s diagrams for cycle with heat addition at v =  const

The cycle in which heat is added at constant volume (v = 
=  const) is the prototype of the cycle used in engines with spark 
ignition (automobile, aircraft and other engines). This cycle 
consists of two adiabatic lines and two constant-volume lines

Fig. 36. p-v  and T-s diagrams for cycle with heat addition at p =  const

(Fig. 35). Adiabatic line 1-2 corresponds to compression of the 
fuel mixture, constant-volume line 2-3, to combustion of the mix
ture (addition of heat <7i), resulting in a rise in pressure to p3. 
After this the products of combustion expand adiabatically (pro
cess 3-4). In the constant-volume process 4-1 heat q2 is rejected 
from the gas.

A cycle with constant-pressure addition of heat (p =  const) 
consists of two adiabatic, one constant-pressure and one constant- 
volume processes (Fig. 36). The gas (air) is compressed along
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adiabatic line 1-2, as a result its temperature rises to that required 
for self-ignition of the fuel. The fuel is injected and combustion 
takes place during constant-pressure process 2-3 (addition of 
heat qi). Next adiabatic expansion 3-4 and then constant-volume 
exhaust 4-1 (rejection of heat q2) take place. This is the cycle used 
in diesel engines.

In a cycle with combined addition of heat the advantages of 
the two preceding cycles are used, this cycle being a combination 
of the two (Fig. 37).

Fig. 37. p-v and T-s diagrams for combined cycle

The following concepts characterizing the separate processes 
of a cycle are usually employed:

=  e =  compression ratio;

—  =  X =  pressure ratio;

~ -̂ =  P =  preliminary-expansion ratio .

The temperatures T2, T3, T4 and Ts of the gas in a combined 
cycle (see Fig. 37) can be easily determined through the initial 
temperature Tu assuming the working body to be an ideal gas. 
For the adiabatic process of compression 1-2 from equation 
( 1-68)

T2 =  T1Ek~l ;

for the constant-volume process 2-3 from equation (1-46)

r 3 =  x r2
for the constant-pressure process 3-4 from equation (1-51)

Ti =  PT3=  T’lPte*'1:
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for the adiabatic expansion process 4-5

-whence
■M-rTt \  v , /

y-

V3 Vi I p*~ 1 •

Ts=  T4p*-' 1
J - l T’iV -

The amounts of heat added and rejected during the cycle are 
respectively equal to

*i =  Vi+  q[ =  cv(Ta-  T2) +  cp( T -  T3) =
=  cvT ^ \ ( k -  1) +  AX(P-1 ) ] ;

?2 =  Cv (j's ^ 0  —  c v T \  (X p *  ! ) •
Hence the thermal efficiency of the combined cycle is equal to

Qi _i cvTi\p*—1 _■nlv3 =  \ - ^  =  \-

=  1 X p * — 1_________  -
.A —1 l ( X - l )  +  4 X ( p - l ) ]

(1-133)

From this equation it follows that the thermal efficiency in
creases with an increase in the compression ratio e and depends 
on X and p. With p =  1 a combined cycle becomes a cycle with 
constant-volume heat addition and the thermal efficiency of the 
cycle will be

^ = 1 -----£ r -  (1-134)

while with X = 1 the cycle becomes one with the constant-pres
sure addition of heat; for this cycle from equation (1-133) the 
thermal efficiency is

V ip =  1 l  p* —  1 
e * - 1 A ( p - l )

(1-135)

Upon comparing equations (1-134) and (1-135) it can be seen 
that with equal compression ratios a cycle with constant-volume 
heat addition has a larger thermal efficiency than a cycle with 
■constant-pressure heat addition. Practically, however, engines 
with constant-pressure addition of heat have a larger compres
sion ratio and, therefore, are more economical than engines with 
■constant-volume addition of heat. * It is, therefore, more expedient

* In engines with constant-volume addition of heat an increase in the com
pression ratio must not cause self-ignition of the fuel mixture, since this may 
xesull in damage to the engine.
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1o compare these cycles at equal final pressures and tempera
tures (i.e., under conditions of equal mechanical and thermal 
stresses).

The thermal efficiencies of the cycles will be expressed by the 
ratios of the following areas (Fig. 38) employing the symbols 
used in this figure:

,  c _  __ , c
•Ito— 1 b + c ’
Since in the second case the sub

trahend is smaller than in the first one, 
it can be written that with identical 
final parameters

V  >  rl t v

2. Gas Turbine Cycles
A considerable shortcoming of inter

nal-combustion engines is the presence 
therein of a piston performing recipro
cating motion. This does not permit to design high-power piston 
engines with a small size and weight. As in the internal-combus
tion engine, the working body in a gas turbine consists of the 
products of combustion of liquid or gaseous fuel, but the recipro
cating piston is replaced by an impeller or disk rotating under 
the action of a jet of gas.

The following are the simplest cycles employed in gas tur
bines: a cycle with constant-pressure heat addition, and a cycle 
with constant-volume heat addition. These cycles differ from the 
•corresponding cycles of internal-combustion engines in the process 
of heat rejection (the constant-volume process of heat rejection is 
replaced with a constant-pressure process).

Modern gas turbine plants usually operate with constant-pres
sure heat addition. A diagrammatic view of such a plant is shown 
in Fig. 39.

For a thermodynamic analysis of the cycle in a gas turbine 
plant the processes constituting the cycle should be assumed as 
ideal (the processes must be assumed reversible, the cycle—closed, 
and the quantity of the working body—constant).

An ideal cycle with constant-pressure heat addition (Fig. 40) 
consists of a process of adiabatic air compression 1-2 taking place 
in compressor 1 (Fig. 39), a process of constant-pressure heat ad
dition 2-3 in combustion chamber 2, a process of adiabatic expan
sion 3-4 of the combustion products in nozzles 3 and conversion 
of the kinetic energy of the gas jet on working blades 4, and

Fig. 38. Constant-volume and 
constant-pressure cycles with 

Identical final parameters
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a process of heat rejection 4-1 from the gas to the surrounding 
air at constant pressure.

Fig. 39. Diagram of a gas turbine plant with addition of heat at p =  const

Fig. 40. p-v and T-s diagrams for gas turbine cycle with heal addition at
p  = const

The thermal efficiency of a cycle in a gas turbine plant can 
be determined from the general expression

The amounts of heat qi and q2 are respectively equal to 
9i — cp (Ta — T2) and q2 =  CpiT^ 7\).
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Hence

For adiabatic processes 1-2 and 3-4 we can write
A-i k

T 2 ( Pi \  * . 1~3 ( Pi \ * - l
Ti \p, ) ’ Tt \p t )

T TSince p2 =  Pz and p4 =  pu then ~  =  ~ .  Taking this into ac-/ 1 / 4
count, the expression for the thermal efficiency will be

^ = 1 —  t\ ■
Assuming — = e for the process of adiabatic compression 1-2 

and taking into account that

we obtain an expression for the thermal efficiency of a gas tur
bine cycle

(M36)

From formula (1-136) it follows that the thermal efficiency of 
a gas turbine plant in which a cycle with constant-pressure heat 
addition is employed increases with an increase in the compres
sion ratio e.

3. Compressor Processes
Compressed gases are obtained in machines called compressors.
In respect to their working process and design compressors 

are classified into piston, centrifugal, axial-flow and steam-jet 
compressors.

The piston compressor consists of a cylinder inside which a 
piston performs reciprocating motion. A diagrammatic view of 
a compressor and its working process are shown in Fig. 41. Line 
a-1 shows the intake process during which the gas undergoes no 
changes (pi and Ti are constant). Curve 1-2 corresponds to the 
process of compression, which can be isothermal (1-2), adiabatic 
(1-2') or polytropic (1-2"). Line 2-b illustrates the process of
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discharging (pushing out) the compressed gas into any reservoir 
at constant p2 and T2.

At the beginning of a new stroke of the piston the intake valve 
opens again and the pressure in the cylinder drops from p2 to Pi 
theoretically instantaneously, i.e., along vertical line b-a, and the 
cycle is repeated.

P

Fig. 41. Working process of com- Fig. 42. An i-s diagram of adla- 
pressor in p-v diagram batic compression process In

compressor

The work required to drive the machine for compressing 1 kg 
of gas can be calculated in the following way:

I =  area 12cdl-\- area 2b0c2 — area aldOa
or

2

l =  p2v 2 +  /  p d v — p xv x.
1

For isothermal compression 
2

f  p d v  =  RTx In — ;
1

for adiabatic compression 
2

f  P d v  =  ( /W  — A®i);
1

for polytropic compression 
2

f p d v  =  -f— j- (p2V2 — p xv i).
1
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The work required to drive the compressor, therefore, will be 
determined by the formulas: 

for isothermal compression
1 =  R T ^n ^ f-  kg-m/kg; (1-137)

v 2

for adiabatic compression 
k

/ =  -r r r (/?2'U2 — 

for polytropic compression

T = X P ^  [ { f t (1-138) 

l ] .  (1-139)

The work involved upon adiabatic compression in a compressor 
can also be determined from the following equation which is also 
true for real gases (vapours):

/= = T (*2 — kg-m/kg, (1-140)

where it and h =  initial and final enthalpies of the gas, respec
tively.

In this case it is most convenient to find the drop in enthalpy 
with the aid of an i-s (enthalpy-entropy) diagram (Fig. 42).

The theoretical power rating of an engine required to drive a 
compressor can be calculated by the formula

^*.»r =  -W -kW* (M 41>
where Q =  output of the compressor, kg/sec.

From Fig. 41 it is seen that the minimum work per cycle is 
spent in isothermal compression. It is practically impossible, 
however, to carry out isothermal compression.‘The process of air 
compression most often follows a polytropic line with an expo
nent n ranging from 1.2 to 1.25.

In a single-stage compressor the pressure ratio is limited by 
the tolerated air temperature, a rise in which leads to worse lub
rication conditions.

To obtain compressed air (gas) at a high pressure (above 10 
to 12 atm gauge) multistage compressors are employed, with in
termediate cooling of the gas after each stage. This brings the 
process of compression nearer to an isothermal one and makes 
the compressor more economical in operation.

The usual trend in such machines is to have the temperature 
of the gas after the intermediate cooler equal to that at which the

7 - 8 1 4
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gas entered the preceding stage. Special calculations show that 
multistage compression is the most advantageous when the pres
sure ratio per stage is the same for all the stages of the com
pressor. v

The process of compression in a two-stage compressor is shown 
in Fig. 43 in p-v and T-s diagrams. Lines 1-2 and 3-4 show the

Fig. 43. p-v and T-s diagrams of compression process in two-stage compressor

processes of adiabatic compression in the stages of the compres
sor, and lines 2-3 and 4-5—the processes of cooling the gas in 
intermediate coolers at p = const.

4. Basic Cycle of a Steam Power Plant
The conversion of the heat energy of organic or nuclear fuel 

into mechanical energy with the aid of steam is carried out in 
steam power plants.

A diagrammatic view of the simplest steam power plant is 
shown in Fig. 44. Let us, at the same time, watch the change in 
the state of the working body in p-v and T-s diagrams.

The initial state of the working body is assumed to be water 
(point 3), which at a certain temperature is compressed (pro
cess 3-4) by pump A (Fig. 44) and is fed into boiler B through 
water economizer B'.

In the steam boiler the water is heated at constant pressure 
(process 4-5) to its boiling point (point 5 on the lower boundary 
curve), then vaporization takes place in the same boiler (pro
cess 5-6). Since dry saturated steam is now rarely used in power 
plants, it is superheated to the required temperature (process 6-1) 
in superheater C (Fig. 44).

The superheated steam via a steam pipe flows to steam engine 
D where it undergoes adiabatic expansion producing external 
work (process 1-2).

10 uave me steam produce more work, its pressure at the en
gine outlet must be as low as possible. For this purpose the steam

v
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from the engine is exhausted into a special apparatus—conden
ser E, in which a pressure below atmospheric (a vacuum) is 
maintained. In the condenser the latent heat of vaporization is 
removed from the steam with the aid of cooling water, and the

-----Steam
-----Water

Fig. 44. Diagrammatic view of the simplest steam power plant

steam turns into a liquid (the process of condensation 2-3) at a 
constant pressure and temperature. Then the cycle is repeated. 
The basic cycle of a steam power plant considered above is called 
the Rankine cycle.

Fig. 45. Basic steam power plant cycle in p-v and T-s diagrams

The thermal efficiency of a Rankine cycle can be calculated 
from the general expression

In this cycle heat qi is added on sections 4-5-6-1 (Fig. 45) at 
constant pressure, and it can be determined from formula (1-56):

<J\ ~  i \  — te>

7*
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where r, =  enthalpy of the steam at the turbine inlet, measured 
by area 0-0’-3-4-5-6-l-2-2'-0\

' i£— enthalpy of the boiler feedwater (condensate), meas
ured by area 0-0'-3-3'-0.

The heat q2 rejected from the steam in the condenser (section 
2-3), also at constant pressure, will be

. /
<72 =  * 2 --- l2<

where i2 =  enthalpy of the steam at the turbine outlet, measured 
by area 0-0'-3-2-2'-0.

Substituting the values of qx and q2, we get

It (1-142)

It is easy to see that the heat q± added during the cycle is 
measured by area 4-5-6-1-2-2'-3'-3-4, and the rejected heat q2 — 
by area 2-2'-3'-3-2, while the heat efficiently employed in the cycle 
qo = qi — <72 is measured by area 4-5-6-1-2-4.

It is very convenient to determine thermal efficiency with the 
aid of the i-s diagram, where i\ and i2 are found according to 
the known initial and final parameters of the adiabatic process 
of expansion of the steam in the turbine (Fig. 46). For water it 
may be assumed that i'2 ~  4 (since cp ~  1). A more exact value 
of i2' can be found in Saturated-steam Tables.

The consumption of steam per kw-hr—the specific steam con
sumption—is a very important rating. Since 860 kcal are required 
to produce 1 kw-hr, the specific steam consumption (theoretical) 
can be found from the expression

d0 =  86°. kg/kw-hr. (1-143)*1 — *2
In distinction to the ideal cycle of a steam power plant con

sisting of reversible processes, the real processes are irreversible. 
Thus, for instance, the expansion of steam in a turbine is accom
panied by losses connected mainly with friction of the steam 
against the walls and friction inside the steam itself, and part 
o f the work produced upon the expansion of the steam is spent 
to overcome this friction. The work of friction is transformed into 
heat that increases the enthalpy of the steam in the final state 
from i2 to i2a (Fig. 47). The actual process of adiabatic expan
sion of steam in a turbine is therefore irreversible and is accom
panied by an increase in entropy. In the i-s diagram this process 
is shown by curve l-2a instead of straight line 1-2 (Fig. 47), the 
curve depicting conditionally an irreversible adiabatic process.
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It is obvious that the efficient work in the actual cycle (the so- 
called internal or indicated work)

(*"i — h a )

will be less than the work in the ideal cycle lo = - j  (t’i — i2). 
The ratio

h  h  — *2 a _ _
h ly — i2 ~ %l (1-144)'

is called the relative indicated efficiency. It shows the perfection 
of an actual cycle in comparison with an ideal one.

Pt

Fig. 46. Determining heat drop In 
cycle with the aid of i-s diagram

Fig. 47. Irreversible adiabatic ex
pansion of steam in turbine shown 

in i s  diagram

The ratio of the heat efficiently used in a cycle to the heat 
spent in the cycle

*i (1-145)

is called the absolute indicated efficiency. From formulas (1-142), 
(1-144) and (1-145) we get

7U =  'Vtflri- (1-146) 5

5. Methods of Improving the Efficiency of the Basic Cycle
Raising the Initial Steam Pressure Pi. From the i-s diagram 

(Fig. 48) it can be seen that an increase in the initial pressure 
(Pi > P'i) with h and p2 remaining constant is accompanied by 
a slight drop in the enthalpy ii and by a considerable increase in 
the heat drop it — i2. This results in an increase of the thermal
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efficiency of the Rankine cycle. Thus, for example, an increase in 
the initial pressure from 20 to 100 ata at U =  500 deg C and p2 = 
= 0.04 ata will raise the efficiency of the Rankine cycle from 
0.368 to 0^426, i.e., by 16.2 per cent.

However, it must be mentioned that an increase in the initial 
steam pressure results in an undesirable increase in the wetness 
of the steam at the end of 
expansion, * which can be 
seen in the i-s diagram.

In order to avoid this 
increase in steam wet
ness above the tolerated 
value, an increased tem
perature of the superheated 
steam is employed, as. well 
as reheating. Reheating

Fig. 48. Influence of Ini
tial steam pressure on 

available heat drop

Fig. 49. Diagrammatic view and i-s 
diagram of cycle with reheating of 

steam

consists in the steam being subjected to repeated superheating, 
after it has expanded in the first stages of the turbine (process 1-2, 
Fig. 49), at constant pressure pTh in reheater C2 to a temperature f3; 
then the steam is directed into following stages D2 of the turbine 
where the steam expands along line 3-4 to the pressure in the con
denser. Reheating increases the dryness fraction of the steam from 
*2 tO Xx (Xi > x2).

Reheating also results in an increase in the thermal efficiency 
of the cycle.

* The drops of liquid appearing in the steam in the last stages of the tur
bine cause erosion of the blades and reduce the overall efficiency of the turbine.
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Raising the Temperature of Superheating. The influence of steam 
temperature on the thermal efficiency of the cycle can be readily 
ascertained by considering the i-s diagram in Fig. 50.

A rise in the temperature ti (t\ >  t[ >  t±) at constant pres
sures pi and p2 increases the heat drop 0 — i2 to a greater extent 
than the enthalpy it. As a result, the thermal efficiency r|( grows. 
Besides increasing the thermal efficiency, superheating of the 
steam improves the dryness fraction of the steam (*i > x2 >  x3) .

Fig. 50. Influence of initial 
steam temperature on available 

heat drop

Fig. 51. Influence of final 
steam pressure on available 

heat drop

In modern steam power plants the temperature of superheating is 
limited mainly by the heat-resistant properties of the metal used. 
At present the pressure of steam reaches 150-200 ata and more 
and the temperature—up to 600 deg C and higher.

Reducing the Final Pressure p 2. Fig. 51 depicts the processes 
of steam expansion at constant and tt but at different final 
pressures (/?' >  p " >  p'").

It can be seen that a reduction in the final pressure consider
ably increases the heat drop ii — i2, which results in an increase 
in the thermal efficiency of the cycle.

The optimum parameters of a cycle are selected on the basis 
of engineering and economical calculations.

The tendency in the development of modern steam plants of 
power stations is to employ higher initial steam parameters.

6. Heating and Power Systems
According to the second law of thermodynamics a considerable 

part of the heat received by the working body (steam) from the 
high-temperature source (in a steam boiler) cannot be converted 
into mechanical energy. In the cycle with condensation considered
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above, therefore, under the most favourable conditions almost 
50 per cent of the heat produced by the fuel (q2) is carried away 
with theicooling water which has a temperature of 25 to 30 deg C. 
Heat with such a low temperature cannot be used in heating 
systems, nor in industrial installations.

To utilize the heat of the cooling water, it is good practice to 
raise its temperature, which can be done by increasing the pres
sure of the steam at the turbine outlet. This leads to the appearance 
of units operating with a poorer vacuum or with back pressure. 
Apart from producing electrical power, such plants supply heat

Fig. 52. Diagrammatic view and T-s diagram of heat and power plant

in the form of steam or hot water and are known as heat and 
power plants.

A diagrammatic view and the cycle used in a district heating 
and power plant are shown in Fig. 52. There is no condenser in 
this plant and from the turbine the steam with an increased pres
sure and temperature- (point 2) is directed to the heat consumer 
(HC). Upon the steam giving up heat q2 to the consumer, it 
condenses (process 2'-3') and the water returns to the boiler.

Condensing cycle 1-2-3-4-5 is replaced by cycle 1-2'-b-a-3'-4-5-1 
in which the amount of heat rejected to the low-temperature sink 
(area 2'-3'-a-b-2') is not wasted but is utilized for heating pur
poses.

Electric power stations using this combined principle are known 
as heat and power stations.

An increase in the back pressure results in a reduction in the 
amount of electric power produced and a drop in the thermal ef
ficiency (area l-2'-3'-4-5-l <  area 1-2-3-4-5-1) , but the total 
amount of heat utilized considerably increases ( q ut =  A/0 +  q 2) .

The combined method of producing electric power and heat is 
one of the most important ways of saving fuel and is the basis 
for the development of district heating systems which are being 
widely introduced in the U.S.S.R., this being the result of planned 
economy.
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The combined process can be characterized by the ratio of the 
total energy used (mechanical and heat) to the heat received qu 
called the heaUutilization factor:

A/q “1“ *72 
<h

(‘i — h) +  pi ~  Q  
h  *2

(1-147)

The heat-utilization factor is unity in ideal cases, when all the 
heat received qi is utilized.

Under actual conditions part of the heat received is lost, and 
the efficiency of back-pressure heat and power plants ranges from 
70 to 75 per cent.

7. Regenerative Cycle
The special features of this cycle consist in that after the con

denser the condensate, which has a temperature of about 28 to 
30 deg C, is heated in special heat exchangers up to a tempera
ture of from 200 to 260 deg C before being fed into the boiler.

Fig. 53. Diagrammatic view of plant with regenerative steam extraction and 
i-s diagram of the regenerative process

This heating is carried out with steam extracted from interme
diate turbine stages (so-called regenerative bleeding). Thus, a cer
tain part of the total steam flow through the turbine participates in 
a combined heat and power cycle, and for this part of the flow 
the heat-utilization factor is theoretically equal to unity. This 
accordingly increases the thermal efficiency of the entire cycle.

A system with one regenerative bleeding is shown diagram- 
matically in Fig. 53.

The extraction point and the quantity of steam bled depend on 
the temperature to which the condensate is to be heated and its
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quantity. An increase in the number of regenerative bleeding 
points raises the efficiency of a regenerative cycle, which may 
finally r^ach that of a regenerative Carnot cycle (in turbines 
using saturated steam). In modern power plants the employment 
of 6 to 8 regenerative feedwater heating stages is economically 
justified.

The problems encountered when introducing a regenerative 
cycle are convenient to solve with the aid of the i-s diagram. The 
intersection of the adiabatic expansion line 1-2 (Fig. 53) with 
the constant-pressure steam-bleeding line p° gives a point charac
terizing the state of the bled steam.

From the diagram shown in Fig. 53 it can be seen that of each 
kg of steam flowing through the turbine a  kg expands only to 
the bleeding pressure p°, performing useful work equal to

■A/qi =  o (/] r'°),

while (1 — a) kg expands in the turbine to the final pressure p%.
The useful work performed by this part of the steam will be

A/02 =  ( ! — «) (i, — i2)-

The total useful work done by 1 kg of steam in a regenerative 
cycle is

Al0 =  Al0i A l02 — 0.(11 — /°) +  (1 — o) (i, — i2)
or

AIq =  /, — i2 — a (i° — i2) kcal/kg.

The amount of heat spent per kg of steam is 

qx =  ix — i0' kcal/kg.

The thermal efficiency of a regenerative cycle can be calculated 
from the general expression derived for the efficiency of a steam 
cycle

qi —  qi _  A h  _  «1 —  h  —  a  ( t°  —  h)
q\ q\ i{—ia’ (1-148)

The amount of bled steam a is determined from the heat 
balance equation for the heater

(1-149)

whence

a  =
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where i l)' =  enthalpy of the liquid at bleeding pressure p°; 
i° =  enthalpy of steam bled from turbine; 
i'2 =  enthalpy of the condensate at the final steam pres

sure p2-

E x a m p le  14. D e te r m in e  th e  t h e r m a l ,  e f f ic ie n c y  o f  a s im p le  c y c le , th e  s p e c if ic  
a n d  h o u r ly  s t e a m  c o n s u m p t io n  f o r  a  5 0 ,0 0 0 -k w  t u r b in e  o p e r a t i n g  a t  p , =  9 0  a t a  
a n d  <i =  5 0 0  d e g  C . T h e  c o n d e n s e r  p r e s s u r e  p 2 = 0 .0 4  a ta .

F o r  th e  in i t i a l  s t e a m  c o n d i t i o n s  w e  f in d  in  th e  i-s d i a g r a m  h  =  8 1TJ k c a l /k g ;  
a t  th e  e n d  o f  a d i a b a t i c  e x p a n s io n  to  p 2 =  0 .0 4  a t a  t2 =  481 k c a l /k g ,  
z2 =  29  k c a l /k g .

T h e  th e r m a l  e f f ic ie n c y  o f  t h e  c y c le  f ro m  f o r m u la  (1 -1 4 2 )  w ill  b e

i | — i2 __  8 1 0  —  481

/ ,  —  i'2 ~  8 1 0  —  29
0 .4 2 1 .

T h e  s p e c if ic  s t e a m  c o n s u m p t io n  is  d e te r m in e d  f ro m  f o r m u la  (1 -1 4 3 ) :

d0 — 8 6 0

i, —i2
8 6 0  

8 1 0  —  481
2 .6 2  k g / k w - h r .

T h e  h o u r ly  c o n s u m p t io n  o f  s t e a m  D =  dpN = 2 .6 2  X  5 0 ,0 0 0  =  131 t / h r .

8. Steam-gas Cycle
In ordinary steam power plants the products of fuel combustion 

serve only as a heating medium in the boiler. From the point of 
view of the second law of thermodynamics such a utilization

F ig .  5 4 . D i a g r a m m a t i c  v i e w  a n d  T - s  d i a g r a m  o f  g a s - v a p o u r  c y c le

of the heat is imperfect, since a considerable part of the heat is 
imparted to the working body (water) at a great temperature 
difference (a considerable irreversibility in the process of heat
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addition). The method of regenerative feedwater heating remedies 
this imperfection only to a certain extent.

A marked gain in efficiency can be achieved by combining a gas 
turbine installation with a steam one. A possible diagram of such 
a combined unit is shown in Fig. 54. Compressor 1 delivers air 
into the furnace of steam boiler B at a certain pressure. From 
the furnace the products of combustion pass into gas turbine 2 
at a temperature of about 700 deg C. Thus, the furnace of steam 
boiler B also serves as the combustion chamber for gas turbine 2. 
The condensate (process 3-4 in the T-s diagram, Fig. 54) delivered 
to the boiler is preheated by the exhaust gases of the gas tur
bine (process d-a) in gas-water heater B'. Hence, in installations 
of this type the heat of the boiler furnace gases is efficiently 
employed and the utilization of the heat of the gas-turbine ex
haust gases is improved.

Calculations show that the economy in the fuel used with a 
combined gas-steam power plant may reach 15 per cent as com
pared with a steam turbine plant of the same power. In the T-s 
diagram the steam cycle is shown by 3-4-5-1-2-3 and the gas 
turbine cycle — by abcda.

9. Refrigeration Cycles

Low temperatures have found extensive use both in industry 
and in domestic conditions.

A machine following the reversed Carnot cycle (see Par. 17) is 
the prototype of refrigerating machines. It is, however, impossible 
to realize the reversed Carnot cycle in practice.

In refrigerators heat is removed from a colder body and trans
ferred; to a hotter body at the expense of external energy.

Both mechanical energy (compression units) and heat (steam-jet 
and absorption units) can be employed to produce cold. Compres
sion or mechanical refrigerators are classified into air and vapour 
units, depending on the kind of working agent used. In vapour 
refrigerators substances with a low boiling point are employed as 
refrigerants (ammonia, carbon dioxide, freon, etc.).

Although the first industrial refrigerators to be used were air 
refrigerators, at present they are rarely employed (a low refrige
ration coefficient and a cumbrous design).

Vapour compression refrigerators (Fig. 55) are much more ad
vantageous and convenient in operation than their air counterparts. 
The saturated vapour of an easily boiling liquid is sucked in by 
compressor A and adiabatically compressed (process 1-2). From 
the compressor the compressed vapour passes into condenser B,
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where it condenses at constant pressure (process 2-3) as a result 
of the removal of heat by the cooling water.

From the condenser the liquid flows to expansion valve C in 
which its pressure and temperature are reduced (process 3-4) at 
constant enthalpy. The mixture with a small vapour content formed 
after the expansion valve (point 4) has a low temperature T0 and 
serves as the refrigerant.

<7z
Fig. 55. Layout of steam compressor plant and T-s diagram of cycle

The refrigerant is piped into the room D to be cooled, where 
heat <72 is removed at constant pressure, accompanied by eva
poration of the refrigerant (process 4-1). Then the cycle is 
repeated.

Practically, the heat is transferred from the room being 
cooled to the refrigerant by means of an intermediate medium — 
brine (calcium or sodium chloride solutions with a low freezing 
point).

A refrigerator following a reversed cycle is characterized by its 
refrigeration coefficient which is calculated from the formula

e =  .
4\ — <h

The amount of heat removed by the refrigerant from the room 
being cooled q-i (refrigeration capacity) is measured by area 
4-l-b-a-4 and can be calculated as follows:

q2 =  are a 4 lba4 =  ix — i4 =  ir — i3.
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The amount of heat transferred to the cooling water in the con
denser is equal to

’ ; ql =  area 233'b2 =  i2 — /3.
The refrigeration coefficient will therefore be estimated by the 

ratio
(1-150)

The work spent in the compressor for adiabatic compression and 
the theoretical power required to drive the compressor are calcu
lated from formulas (1-138) and (1-141).



S e c t i o n  Two  

HEAT TRANSFER

C h a p t e r  I
KINDS OF HEAT TRANSFER

The theory of heat transfer, or thermokinetics, is the science 
relating to the processes of heat flow from bodies or sections of 
them having a higher temperature to bodies or sections of them at 
a lower temperature. During the process of heat transfer from one 
body to another heat is transferred until the temperatures of these 
bodies become equal.

Heat transfer is of a very great importance in the most diverse 
fields of engineering. In heat power installations and in process 
equipment wide use is made of heat exchangers in which heat is 
transferred from high-temperature bodies to low-temperature ones 
either by direct contact or through intermediate walls. Heat-ex
change equipment includes boilers, steam superheaters, condensers 
and other heating or cooling appliances. Heat transfer is inevitable 
in machines and engines in which the temperature changes for 
some reason or other (for instance, in mating parts, upon the 
compression and expansion of gases, etc.).

The Russian scientists Prof. V. L. Kirpichev (1845-1913), Prof. 
A. A. Radtsig (1869-1941), Academician M. V. Kirpichev (founder 
of the Soviet school of physical heat engineering), Academician 
M. A. Mikheyev, Prof. L. S. Aigenson and others have greatly con
tributed to the development of the science of heat transfer.

Heat can be transmitted by three elementary ways of heat trans
fer: heat conduction, convection and thermal radiation. Heat con
duction is the transfer of heat between particles of a body in 
direct contact with each other, due to thermal motion of the 
molecules or atoms of the body, and to the thermal motion of the
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free electrons in the case of metals. Pure heat conduction takes place 
in solids.gnd in the thin stationary layers of a liquid or a gas.

Convection involves the transfer of heat from one point in space 
to another by the easily moving particles of liquid, gaseous or loose 
substances during their relative motion. The process of convection 
is always accompanied by heat conduction.

Radiant heat exchange, or radiation, is a process of transmitting 
heat from one body to another by electromagnetic waves through 
an intermediate medium which is transparent to thermal radiation. 
Here part of the internal energy of the heated body is converted 
into radiant energy propagating through an electromagnetic field 
and is again transformed into the energy of thermal motion of the 
particles when it reaches the second body (subjected to radiation).

Heat can be propagated in apparatus and various materials 
under steady-state or transient conditions. Under steady-state, or 
stationary, conditions the temperature at every point of the body
involved does not change with time t, i. e., —  =  0.

Unstable, or transient, heat transfer is characterized by a change 
in the temperature of the points of the body with time, i.e., for
each point —  =h 0- Unstable heat propagation can be unidirec
tional, if the body is either heated or cooled continuously, or 
fluctuating, if the heating and cooling periods alternate, fn practical 
calculations heat transfer is considered under steady-state condi
tions, except for instances when the processes of heating and cool
ing are the objects of special investigation.

1. Conduction
In 1822 J. B. J. Fourier formulated the law of heat transfer by 

conduction. According to this law the quantity of heat transferred 
Q is expressed by the equation

Q kcal, (2-1)
where X =  thermal conductivity;

F =  area, sq m;
8 =  thickness, m (Fig. 56); 

twi =  wall temperature at the inlet of the heat flow, deg C; 
*w2 =  waU temperature at the outlet of the heat flow, 

deg C; 
x =  time, hr.

The units of thermal conductivity can be determined from equa
tion (2-1) written as follows:

X =  P ,, . kcal-m/m2-hr-deg or kcal/m-hr-deg. (2-2)
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From this expression it can be seen that thermal conductivity 
shows how many kilogram calories of heat flow through a wall 
1 m thick with an area of 1 sq 
m per hour with a difference of 
1 deg C between the temperatures 
of the surfaces, or, more shortly, 
through a cube of the material 
with a side of 1 m.

Table 5 gives the values of the 
thermal conductivity k  for mate
rials encountered most often, and 
shows the specific weights y ar*d 
temperatures t at which these 
values were determined.

From Table 5 it can be seen that 
pure metals possess the highest 
thermal conductivity. Building and 
heat-insulating materials have a 
comparatively low thermal con
ductivity, vapours and gases have 
the lowest value.

The thermal conductivity of a substance depends upon its struc
ture, specific gravity, moisture content, temperature, and to a 
smaller degree pressure. The presence of air-filled cavities and

Table 5

Material T. 
kg jm 5

t,
deg C

A,
kcal/m-iir-deg

A i r .............................................. 1.293 0 0.021
Boiler s c a l e ............................... 1,000 to 2,500 100 0.13 to 2.0
Boiler s lag .................................. 1,000 30 0.25
B r a s s .......................................... 8,600 0 86
Crushed-stone concrete . . . . 2,000 to 1,600 0 1.1 to 0.72
Class wool . . . . . . . . . . 150 20 to 30 0.035 to 0.043
Insulating b r i c k ....................... 550 100 0.12
Mild steel ................................... 7,900 0 to 300 54 to 39
Mineral w o o l ........................... 200 50 0.04
Ordinary g lass ........................... 2,500 20 0.64
Red b r ic k .................................. 1,900 to 1,700 0 0.7 to 0.6
Sheet asbestos........................... 700 30 0.18
Steam, p — 10 a t a ................... 5.16 130 0.029
W a te r .......................................... 1,000 to 965 0 to 90 0.47 to 0.535
Wood, across g ra in ................... 800 to 448 20 0.178 to 0.092

Fig. 56. Heat transfer by conduc
tion through plain homogeneous 

wall

8 -8 1 4
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pores in a material reducing its specific weight y considerably cuts 
the thermal conductivity X. To reduce thermal conductivity, heat-in
sulating materials are manufactured porous (for instance, glass 
wool, slag wool).

The wetting of materials, accompanied by filling of the air pores 
with water, results in a considerable increase of the thermal con
ductivity of these materials. Thus, for example, an increase in the 
moisture content of a brick lining from 1 to 15 per cent by volume 
results in a rise in its thermal conductivity from 0.65 to 1.1.

The thermal conductivity of building materials and gases in
creases with a rise in temperature, while that of pure metals and 
liquids (except water and glycerine) decreases.

For an infinitely thin layer arranged at right angles to the di
rection of heat flow Fourier’s equation is expressed as follows:

Q =  - i f t | kca|, (2-3>

where =  temperature gradient through the wall, taken with
a minus sign, because the temperature diminishes 
with an increase in thickness dx.

There is no minus sign in equation (2-1) because of a change- 
in the limits of integration (for convenience of calculations)

1 *w2 1
from J  dt to /  dt.

*wl <w2
For purposes of simplification the total amount of heat Q is 

usually replaced with the heat flow per unit area F and time t:

<7 =  7 7  =  — kcal/m2-hr. (2-4>

The distribution of temperatures along the thickness of a flat 
homogeneous wall can be determined from equation (2-4) written 
for a number of elementary layers dxu dx2, dx2.

Under steady-state conditions the heat flow remains constant 
{q = const) in any layer dx (Fig. 57). If we assume the thermal 
conductivity to be constant for all the layers, then the following; 
can be written for a number of elementary layers:

q = —X-^- =  — X-—  ̂=  const, i.e., =  tan a =  const.v d x , d x 2 d x

From the above it follows that tan a = const for any layer, 
hence a =  const. The distribution of temperature in a homogeneous 
layer is therefore graphically represented by an inclined straight 
line! Upon great changes of the wall temperature, however, the
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thermal conductivity changes as well, and the distribution of the 
temperature through the wall will be represented by a curved line.

Heat Conduction of a Composite Wall. Heat-insulating walls and 
■ceilings usually consist of several layers of material with different 
thermal conductivities; Calculations are simplified by introducing 
the conception of thermal resistance which is the reciprocal of 
conductivity. The thermal resistance of a cube of material with a

t

Fig. 57. Temperature distribu
tion in flat homogeneous wall

Fig. 58. Heat transfer by con
duction through flat composite 

wall

side of 1 m will be =  y  m-hr-deg/kcal, and for a layer of ma
terial with a thickness of 6

*  =  T- (2-5)

The equation of heat conduction (2-1) will therefore be
tw I tw2Q =  Fz- R kcal. (2 - 6)

As in electrical engineering, resistances are summed in the di
rection of flow. The total resistance to heat flow of a flat composite 
-wall (Fig. 58) is therefore equal to the sum of the partial thermal 
resistances of all the layers:

** =  ̂ 1 + ^ = if  +  17 +  T7 =  2  if'1

•8*

(2-7)
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The heat flow through a composite wall can be expressed by the 
following formula:

1
A?i "T" Ra

t  W \

n (2-8)

The distribution of temperature in a composite wall is represent
ed graphically by a broken line, as shown in Fig. 58, this being 
proved in the same way as for a homogeneous wall.

Example 1. Find the heat flow through a two-layer furnace wall consisting
of one refractory brick (6 j — 250 mm) and 1 red brick (62 =  380 mm). The
inner surface of the wall has a temperature twi = 1000 deg C, and the outer 
surface — a temperature Tk2 =  60 deg C.

To determine the thermal conductivity depending on temperature, let us 
assume an approximate mean temperature of the refractory masonry tr = 
= 850 deg C, and for the red brick layer tb = 350 deg C.

From any heat-engineering reference book the thermal conductivity of 
refractory brick is

Ar =  0.72 +  5 X 10-4* =  1.145 kcal/m-hr-deg.

The therma) conductivity of red brick, with account taken of the tempera
ture is

Aj, =  0.66 -f- 44 X 10 t =  0.675 kca/m-hr-der.

From formula (2-8) the rate of heat flow through the wall will be

q = S| 1 t - (/«,, -  tw2) = Q 25~- Q 38 (1000-60) =  1,203 kcal/m2-hr.

U 45 +  01575

Heat Conduction Through a Cylindrical Wall. The special fea
tures of heat conduction through a cylindrical wall, as through any 
curvilinear enclosures, are that the inner area of the tube through 
which the heat flows is smaller than the outer area (Fig. 59).

Let us consider inside the wall of the tube an annular layer 
with a radius r and a thickness dr. Then, for a tube with a length 
/ the area of the layer under consideration will be

F = 2nrl.
From Fourier’s equation it follows that the heat flow through 

the layer under consideration per hour will be
dt dt

dr
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Upon separating the variables and integrating this equation in. 
respect to temperature within the limits of twl and tw2 and in. 
respect to wall thickness within the limits 
of Ti and r2, we have:

/  d t 2*.U

Upon substituting 2r = d after integra
tion and changing the integration limits 
for the temperature, we obtain the final 
mathematical expression for the equation of 
heat conduction

-^ Z -V w i— twt) kcal/hr. 
In —“i

(2-9)

Fig. 59. Heat transfer by 
conduction through homo
geneous cylindrical wall,

The change in temperature inside a cy
lindrical wall is represented graphically 
by a logarithmic curve (Fig. 59).

For a composite cylindrical wall consisting of n layers with a 
diameter ranging from d{ to dn+i the equation of heat conduction, 
based on the rule of summing the thermal resistances, acquires the 
following form:

 ̂w 2) __  rcf (fTt.1 ] ^w'2)

i - l n A j - J - i n A x  I 1 |n^n+l 
2X, dx +  2X2 " d2 +  ••• +  2X„ dn

l u  2 dt

(2- 10) .

2. Convection

The flow of a fluid having a temperature tf near a wall with a 
temperature tw is accompanied by heat transfer by convection and. 
conduction simultaneously. It should be noted that in thermokine
matics the term fluid is applied to both liquids and gases, since 
liquids and gases behave in a similar way in the process of heat 
transfer. The temperature of the fluid flowing along both sides of 
the separating wall changes sharply in the thin boundary layer 
adjacent to the wall surface: at the side of the heating fluid the 
temperature drops from tt of the adjacent medium to the wall 
temperature twl, while at the side of the cold fluid being heated the 
temperature drops from tw2 to the temperature t2 of the second me
dium (Fig. 60).
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 ̂ The thermal conductivity of fluids (especially in the gaseous 
state) is comparatively low, therefore the transfer of heat between 
a moving' fluid and a wall with which it is in contact takes place 
mainly by convection and that is why this kind of heat transfer 
is called convection.

Heat transfer is a complicated process depending on many 
factors: on the origin and conditions of flow, the velocity of flow,

on the kind and physical proper
ties of the fluid involved, the 
shape, size and state of the wall 
surface, on the fluid temperature 
tf, wall temperature tw, etc.

In respect to origin two kinds 
of fluid flow are distinguished, 
free, or natural, and forced. 
Free flow, bringing about natu
ral convection, arises due to the 
difference in the densities of 
the cold and heated particles of 
the fluid. The forced flow of a 
fluid is caused by external 
agents, such as pumps, fans, the 
wind, etc.

From hydraulics it is known 
that the flow of a fluid is called 
laminar if the particles of 

the fluid move parallel to the walls of the conduit, and tur
bulent—if the particles move turbulently in a random way. For a 
fluid flowing in pipes the transfer from laminar into turbulent 
flow is determined by the magnitude of the dimensionless Reynolds 
number

(2- 11)

where zei =  mean fluid velocity, m/sec; 
d =  pipe diameter, m; 
v =  kinematic viscosity of fluid, m2/sec.

A fluid flow is laminar at Re <  2,300 and turbulent at 
Re >  2,300.

Heat transfer is influenced by the thermal conductivity X, the 
specific heat c, the fluid density p, the viscosity (usually kine
matic) v. Besides, convection is also influenced by diffusivity or 
thermometric conductivity a, which characterizes the rate of change 
in  temperature in any substance for unstable conditions of heat
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flOW, and is determined by the formula

a — ~  m2/hr. (2- 12).

Heat transfer is noticeably influenced by the shape of the body s 
and its geometrical dimensions U, /2 and l3, and also whether the 
fluid flows inside or around the pipe. Thus, the quantity of heat 
transferred by convection is a function of the following parameters:

• Q = f( w ,  tf , tw, X, cp, p, v, s, /„ l2, l3). (2-13).

Practical calculations of heat transfer are based on Newton’s 
formula

Q =  a/?TA/heal, .2-14)'

where Ai =  difference between the temperatures of the surround
ings and the wall, deg C; 

a = convection or heat-transfer coefficient, the units of 
which from formula (2-14) are kcal/m2-hr-deg.

The heat-transfer coefficient shows the amount of heat trans
ferred from the surroundings to 1 sq m of wall surface per hour at 
a temperature difference between the fluid and the wall of 1 deg C. 
The coefficient a  is a function of the parameters indicated in for
mula (2-13).

The differential equation characterizing the process of heat trans
fer at the boundary layer between the fluid and the wall can be 
derived for an elementary layer from Fourier’s and Newton’s 
equations for t = 1 hour. According to Fourier’s equation the 
following amount of heat is transferred through the fluid boundary 
layer by conduction:

i Q =  ^ a F ^ .

where =  temperature gradient through the layer, directed at:
right angles to the surface of the wall.

On the other hand, according to Newton’s formula the amount 
of heat transferred by direct contact is equal to

dQ =  aA tdF .

Under steady-state conditions, assuming the two equations to- 
be equal, we get:

_X_dt_
M dn (2-15).

Theory of Similarity. It is very difficult to determine the heat- 
transfer coefficient by solving equation (2-15) analytically, due to-
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the difficulties encountered in determining the temperature field in 
the boundary layer adjacent to the wall. It therefore becomes neces
sary to resart to experimentation. However, experimental results 
can only be spread to similar phenomena. The theory of similarity 

• or the science of similar phenomena determines the conditions 
under which different phenomena are similar, or the phenomena 
which given experimental results can be applied to, etc.

In the U.S.S.R. Academician M. V. Kirpichev and Prof. 
A. A. Goukhman were the first to start working on the theory of 
similarity. At present this theory has been extensively elaborated 
in investigations of Soviet scientific research institutes.

The theory of similarity has been taken as the basis for the 
theory or method of modelling, which permits the performance of 
■ devices and apparatus to be investigated on scale models instead 
of full-size equipment. Experiments carried out with cumbrous 
equipment, such as steam boilers, furnaces, etc., make the investi
gations complicated and difficult. Experimentation with the aid 
of scale models, which are similar to the full-size equipment to be 
investigated, considerably simplifies and speeds up the investiga
tions and reduces their cost.

Models permit to eliminate faults in design by making the 
necessary alterations until a rational design is obtained, the latter 
being followed in the building of the costly full-size working 
equipment.

Only phenomena of the same nature can be similar (for instance, 
the phenomena of fluid flow, heat conduction, etc.). It is most 

rsimple to visualize geometrical similarity by using an example of 
:similar triangles. The corresponding sides l[ and I" of similar 
triangles are proportional:

where ct =  constant of geometrical similarity.
The geometrical similarity of triangles is made use of to solve 

.a number of practical problems (for instance, to determine the 
height of a tower or the width of a river without direct measure
ment).

It is possible to determine the similarity of any physical phe
nomena: the similarity of two flows of fluid, i.e., kinematic simi- 

Ilarity; the similarity of forces calling forth similar motion — dy
namic similarity; thermal similarity, viz., the similarity of tempe- 
:ratures and heat flows, etc.

The similarity of two physical phenomena signifies the similar
ity  of all the values characterizing -the phenomena under con-
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sideration. This means that at any similar points in space and at 
similar moments of time any quantity <p' of the first phenomenon is 
proportional to its counterpart <p" of the second phenomenon, i.e.K

?" =  *vp',

and the proportionality factor c , called the similarity constant,, 
depends neither on the coordinates nor time.

Since many physical quantities and parameters (velocity, tem
perature, viscosity, density, thermal conductivity, etc.) may have 
different values at different points of the flow, then for similar 
phenomena it is required that all these quantities be similar in the 
entire volume of the systems under consideration, i.e., that the 
fields of these quantities be similar. Each quantity can have its own 
similarity constant differing numerically from the others. When' 
dealing with complicated physical phenomena, however, which are 
characterized by numerous quantities, the similarity constants 
cannot be chosen arbitrarily.

For purposes of illustration let us consider the flow of a fluid. 
It is known that depending on the distance travelled / and the 
time t the velocity w is found from the formula

Let us write this formula for two corresponding particles of 
similar flows:

/' /" 
w' =  —- and w" =  — .X „T

Dividing the two equations by members, we get:
w " __  / "  _ x "
~wr ~ l ~  : “ •

Replacing the ratios of similar quantities with their similarity 
constants having the corresponding subscripts, we get

c, i i or Cl
This is the condition limiting the choice of the similarity con

stants in the case under consideration.
The same condition can be represented in a different form if we 

replace the similarity constants with their values, namely
w ’x ' w "  x"
I' I
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or in the general case
i —  =  idem Q̂ne an(j same)

From the example considered above the conclusion can be drawn 
that there are quantities which preserve one and the same numer
ical value for all similar phenomena. A term made up of such 
•quantities is called a criterion of similarity or an invariant.

Invariants are dimensionless groups composed of the quantities 
characterizing a given phenomenon. Such groups are denoted by 
the first two letters of the names of scientists who distinguished 
themselves in the given branch of science. For example, the Rey
nolds number Re (2-11), known from hydraulics, characterizes the 
ratio of inertia forces to viscosity in a flow of fluid.

Invariants or similarity criteria can be obtained for any physical 
phenomenon. For this it is necessary to find the analytical relation
ship between the variables of the phenomenon under consideration. 

The first theorem of similarity, which states that similar phenomena 
have equal invariants, establishes the relation between the similar
ity constants and deducts the expressions finding the invariants.

The second theorem of similarity states that the relation between 
.the variables characterizing any phenomenon can be represented 
in the form of a relation between the invariants Ki, K2, A3, Kn 
which is called a criterial equation

f ( K»  Kn) =  0.
From these two theorems of similarity it follows that in experi

mental work it is necessary to measure all the quantities contained 
in the dimensionless group of the process under consideration, and 
ihe test results must be processed in the invariants, the relation 
between the latter being represented in the form of criterial equa
tions.

The third theorem of similarity answers the question about the 
•conditions sufficient for two phenomena to be similar: such phenom
ena are similar that have similar conditions of uniqueness and 
the criteria composed on the basis of the conditions of uniqueness 
.1are numerically equal. The conditions of uniqueness include:

(1) geometrical conditions characterizing the shape and the di
mensions of the body in which the process goes on;

(2) physical conditions characterizing the physical properties 
of the surroundings and the body;

(3) boundary conditions characterizing the special features of 
the process at the boundaries of the body;

(4) time conditions characterizing how the process goes on in 
iime.
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The conditions of uniqueness can be given in the form of a nu
merical value, a functional relation or a differential equation. The
invariants made up only of values included in the conditions of 
uniqueness should be considered separately. They are called: 
reference invariants.

Thermal Similarity. The law of thermal similarity determines 
the conditions under which geometrically and hydromechanically 
similar systems are also similar in a thermal respect.

The following are the invariants of thermal similarity:
(1) the Fourier number

Fo =  -£ , (2-16)

characterizing unstable heat-transfer conditions, where a = diffu- 
sivity (2-12) in m2/hr;

(2) the Peclet number
Pe =  -^ -. (2-17>

characterizing the ratio of the convection and conduction flows of 
heat in heat transfer by convection;

(3) the Nusselt number
Nu =  j - .  (2-18>

characterizing the intensity of heat transfer at the “fluid-wall”' 
boundary.

In practical calculations the Peclet number is sometimes replaced! 
by the product of two dimensionless groups:

Pe — —  =  —  X — — RePr,a v a ’

where Re =  Reynolds number (2-11) in which the diameter d  
has been replaced by the linear dimension /;

Pr =  Prandtl number, characterizing the physical properties 
of a fluid:

Pe v 
Re a (2-19)

Since mechanical similarity is a prerequisite of thermal similar
ity, the Reynolds number Re and the Grashof number Gr are 
introduced into the criterial equation of thermal similarity. The 
Grashof number relates the buoyant forces in a fluid, caused by 
the temperature difference, to the viscosity:
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where p =  volumetric expansion coefficient; 
g =  acceleration of gravity, m/sec2;

A/ =*= difference between the wall and fluid temperatures, 
deg C;

/ =  characteristical linear dimension of the heat-transfer 
surface, m; for tubular surfaces this will be the 
diameter.

In experimental studies devoted to heat transfer by convection 
the value sought is usually the heat-transfer coefficient a. The 
-criterial equations for heat transfer are therefore drawn up in 
the form of a relation between Nu and the reference invariants in 
the following general form:

Nu =  /(F o , Re, Pe, Gr) or 
N u = /(F o , Re, Gr, Pr).

This equation can be simplified for application to individual 
problems. For steady-state flow the Fourier number Fo is omitted; 
with forced turbulent flow the influence of free flow can be neg
lected and thereupon the Grashof number Gr can be left out, in 
•cases of free flow Reynolds number Re is omitted, etc.

Thus, the theory of similarity makes it possible, without having 
to integrate differential equations, to obtain therefrom invariants 
and establish criterial relationships. Criterial equations for various 
practical instances are usually given in special literature. It should 
be borne in mind, however, that these formulas may be used only 
within the limits of the reference invariants used in the experi
ments, i.e., within the limits established by the conditions of 
similarity.

For illustration let us consider the criterial equation used to de
termine the heat transfer in a liquid or gaseous fluid in turbulent 
flow, if Re >  104, when the appearance of free flow is impossible:

Nu, =  0.023 Re°-8 Pr°-4. (2-21)

The logarithmic mean temperature of the fluid tf is taken as the 
reference temperature, and the remaining parameters, designated 
with the subscript /, are determined according to this temperature. 
The reference geometrical dimension is the diameter of the pipe d. 
This formula is applicable for Re/ >  104 and Pr/ =  0.7-2,500| 
and at a wall temperature below the fluid boiling point. Substitut
ing the Nusselt number with its value from formula (2-21), we 
obtain the following expression for the heat-transfer coefficient:

a =  0.023 —  Re1)-8 Pr*)4.
a  /  /
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In many heat exchangers, in particular in boiler installations, 
heat is transferred with the gases flowing across staggered or 
in-line banks of tubes. In this instance the heat-transfer coefficient 
is calculated from the formula

where C =  factor depending on the configuration of the bank of 
tubes and the number of rows of tubes in the bank; 

m — exponent depending on the same factors as C;
©>0 =  velocity of gas flow in the narrow section of the bank, 

m/sec.
The physical characteristics are calculated for the mean tem

perature of the gas flowing through the bank of tubes.
Table 6 gives the approximate limits of the heat-transfer coeffi

cient a  for cases most frequently encountered in practice.
Table 6

Conditions of convection Limits of a

Gases with natural c o n v e c tio n ...............................
Water with natural co n v ec tio n ..............................
Gases flowing In or between tubes . . ...............
Water flowing In or between tubes . . . . . . .
Nucleate boiling in tubes ......................................
Film-type condensation of water vapour...............
Dew-type condensation of water vapour...............

5 to 100 .
100 to 1,000 
10 to 300 

500 or 10,000 
2,000 to 18,000 and over 

4,000 to 15,000 
40,000 to 120,000

From Table 6 it can be seen that the rate of heat transfer from 
gases to a wall is several times less than from condensing vapour 
or water to a wall. For this reason it is always more expedient to 
select water or condensing vapour as the heat-carrying medium in 
heat-exchange apparatus.

Example 2. Determine the coefficient of heat transfer from water to the walls 
of a tube with a diameter d = 50 mm and a length I = 3,000 mm. Water flows 
inside the tube at a velocity w =  0.8 m/sec and a mean temperature 
tf = 50 deg C.

From tables we find for the temperature tf that = 0.552 kcal/m-hr-deg; 
%y =  5.56X 10~7 m/sec2; ay =  5 .6X 10 ~ 4 m?/hf-

The Reynolds number will be
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The P ran d ll num ber w ill be

..-i, 3,600 X  5.56 X 10" 7
Pr/ =  (—  ------------------------------------  =  3.59 ( >  0.7 and  <  2,500).

'  af  5 .6  X  1 0 ~ 4

S u b stitu tin g  these  v a lu es  in cr iler ia l equation  (2 -2 1 ). w e get

N u j  =  0 .023 Re®'8 =  0 .023 X  7.2 X  104 X  3.59'M =  297.

w h en ce the h eat-tran sfer  coeffic ien t w ill be

297X/ 297 X  0 .552
a =  —2 —  = ----o^ 5 ------=  ^>280 kcal/m2-hr-deg.

The ratio of the len g th  of the tube to its d iam eter w ill be

/
d

3,000
50

=  60  >  50.

A correction  ta k in g  into accou n t the len gth  of the tube is therefore n o t  
in troduced.

3. Heat Transfer upon Change in Aggregate State
Heat transfer upon the boiling of liquids and the condensing or 

vapour takes place in a two-phase state of the fluid, i.e., upon 
transition of the working body from one aggregate state to anoth
er. In these cases heat transfer goes on under very complicated 
conditions and has been investigated up to now to an insignificant 
extent. To determine, therefore, the heat-transfer coefficient a the 
results of tests are generalized to find the invariants (criteria of 
similarity) and the latter are employed to make up the correspond
ing criterial equations.

Heat transfer upon boiling depends to a great extent on the way 
of boiling, which may be either nucleate or film-type. When boiling 
takes place in the layer of liquid from 2 to 5 mm thick in contact 
with the heating surface, the temperature of the liquid exceeds the 
saturation temperature, and a temperature difference At is created 
between the temperature of the wall and the saturation tempera
ture. The temperature difference or potential will grow with an 
increase in the heat flow q kcal/m2-hr.

The process of boiling intensifies with a growth in the temper
ature difference At, and the number of vapour bubbles formed per 
unit of time increases. First, when the heat flow and temperature 
difference are small, isolated vapour bubbles form on the heat
ing surface. These bubbles grow, detach themselves from the heat
ing surface and pass into the vapour space. Such a way of boiling 
is called nucleate.

If the heat flow q increases to such an extent that the vapour 
bubbles begin to merge into a continuous film on the heating sur-
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face, then a way of boiling sets in which is called film-type boiling. 
It should be mentioned that the growth in the rate of heat transfer 
with an increase in the heat flow is observed only up to a critical 
point corresponding to the beginning of film-type boiling. With a 
further increase in the heat flow the vapour film gets thicker, and 
the heat-transfer coefficient a diminishes, since the conductivity of 
the vapour film diminishes with an 
increase in thickness.

Fig. 61 shows the heat flow q and 
heat-transfer coefficient a against 
the temperature difference A t  for 
water boiling under atmospheric pres
sure. From this chart it can be seen 
that the critical temperature differ
ence A tCT = 25 deg C, at which 
acr — 40,000 kcal/m2-hr-deg, corre
sponds to a heat flow q =
=  106 kcal/m2-hr.

On the section of nucleate boiling 
the heat-transfer coefficient a first in
creases smoothly along curve AB 
with an increase in the temperature 
difference A t,  and then grows rapidly, 
this being caused by greater convec
tion due to the intensive movement 
of the vapour bubbles. The heat-transfer coefficient a sharply drops 
after the critical point C.

The determination of the critical temperature difference A trr 
assists in selecting rational operating temperature conditions for 
boilers and evaporators. An increase in the temperature difference 
A t  to above the critical value results in a sharp drop in the output 
of these installations.

In practical calculations the following formula is employed to 
determine the heat-transfer coefficient a for water in nucleate 
boiling conditions at a pressure p ranging from 0.2 to 100 ata:

a =  3p0ASq0J kcal/m2-hr-deg.
From this formula it follows that the heat-transfer coefficient a 

increases with a rise in pressure, apparently, due to the reduction 
in the volume of the vapour bubbles forming on the heating sur
face.

Heat transfer upon the condensation of vapour (or steam) de
pends on the kind of condensation, which may be film-type, when 
the condensate settles on the surface in the form of a continuous 
film, or dew-type, when the vapour condenses in separate drops.
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transfer coefficient a rgalnst 
temperature difference At for 

water boiling at p  =  1 ata



128 HEAT TRANSFER

In industrial heat-exchange equipment film-type condensation is 
mainly observed, since dew-type condensation is usually unstable.

All the h§at liberated upon the condensation of vapour must pass 
through a film of condensate of variable thickness. In the case of 
a vertical wall the thickness of the condensate film increases in a 
downward direction. Nusselt, on the basis of investigations of the 
thickness of the water film on tubes arranged in different ways, 
deducted formulas for the mean in height heat-transfer coefficient a  
for heat flowing from steam to a wall, in a state of rest. For a 
vertical tube or plate

av =  1.13 j/~  j—  kcal/m2-hr-deg, (2-22)

and for a horizontal tube

a* — 0.725 jX” (2-23)

where A — -1 ; in this formula r = heat of evaporation,
kcal/kg, p = dynamic viscosity, kg-hr/m2; 

d and H =  diameter and height of the tube, m.
The values of p, y and X are taken from tables for the mean film 

temperature
i  ___   tc

2

where ĵ, =  wall temperature, deg C;
tc =  temperature of steam condensation.

Since H is always larger than d, the heat-transfer coefficient a 
will be considerably higher for horizontal tubes than for vertical 
ones, for example, with H =  1 m and d = 0.02 m the ratio
-— =  1.7. In heat exchangers using condensing steam, therefore,
the tubes are usually arranged horizontally.

In banks built up of several horizontal rows of tubes (Fig. 62) 
the. condensate flows down from the upper tubes to the lower ones 
and, as a result, the condensate film gets thicker on the latter and 
the heat-transfer coefficient is reduced. The heat-transfer coeffi
cient a attains its maximum value in banks in which the tubes 
are arranged rhombically at an angle of 60°, whereupon the con
densate film is the thinnest. By turning the bank of rhombically 
arranged tubes an angle tp can be obtained (Fig. 62c) at which the 
condensate will flow down only at one side of the tubes. Such an 
arrangement of the tubes is known as the Zhinabe arrangement. 
From Fig. 62c it can be seen that upon condensation of the steam 
a thin film of condensate forms on a large part of the surface of
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the lower tubes, this resulting in an increase in the heat-transfer 
coefficient.

The intensity of heat transfer upon the condensation of steam (or 
vapour) depends on the velocity of the steam and the direction of 
its flow, and especially on the content of non-condensing gases, for 
instance, air, in the steam. The gases may accumulate near the

Fig. 62. Arrangement of tubes in condensers
a —In line; 6 — rhomblc; c — Zhlnabe's arrangement

heat-transfer surfaces, and this considerably increases their ther
mal resistance. If steam contains even 1 per cent of air the heat- 
transfer coefficient is reduced by about 60 per cent. That is why 
the design of heat-exchange equipment with a two-phase medium 
tends to exclude any possibility of air accumulating near heat- 
transfer surfaces, by providing means to exhaust the air and pre
vent its accumulation.

Example 3. Determine the coefficient of heat transfer from condensing steam 
to the wafl of a tube at a pressure p = 2 ata, assuming the wall temperature 
to be tw =  80 deg C, and compare the heat transier with a vertical tube 1.5 rn 
high (H) and with a horizontal tube 50 mm in diameter (d).

The parameters of saturated steam are found from thermodynamic tables for 
the given pressure: the temperature of the saturated steam t3 =  120 deg C; heat 
of vaporization r =  526.4 kcal/kg.

The physical constants for formula (2-22) are taken for the mean tempera
ture

= tw -(- ts 80+ 120
2 100 deg C.

For this temperature from reference tables we find: the specific weight of 
the condensed steam y =  958 kg/m3; the thermal conductivity X = 
=  0.586 kcal/m-hr-deg; the dynamic viscosity p =  8.03 X 10~9 kg-hr/m2.

The heat-transfer coefficient, from formula (2-22), will be

a „ = 1 . 1 3 l / " -----^ ------=  1.13 ~ \ f 526.4 X  9582 X  Q-5863 _
8.03 X  10~9 X  1 -5 (120 — 80) “

=  4,260 kcal/m2-hr-deg.

9 -8 1 4
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The ralio of the heat transfer for a horizontal tube [Formula (2-23)] to that 
for a vertical one will be

T  s = -
Thus, heat transfer by convection for horizontal tubes exceeds that for ver

tical tubes by 50 per cent.

4. Radiation
Heat is radiated by means of electromagnetic oscillations and 

this is the result of complicated intra-atomic processes. When a 
body is being heated part of the heat energy inevitably transforms 
into radiant energy, the quantity of which depends on the tempera
ture of the body.

Rays of all kinds are of a similar nature, and the difference in 
their properties is determined by the length of the waves. Infra-red 
rays with a wavelength X of from 0.8 to 420 microns have the 
highest thermal properties (consisting in that they are absorbed 
by substances and transform into heat energy in the course of 
absorption). Visible light rays with a wavelength from 0.4 to 0.8 
microns produce only an insignificant heat effect.

When heat rays fall upon a body, part of their energy QA may 
be absorbed, part QR reflected, and part Q d  may pass through the 
body (Fig. 63). Hence, the following equation can be written:

Q t =  Qa +  Qr H Q r - (2-24)

If we divide each member of this equation bv Qt and designate
' Q

the absorptivity of the body involved by A =  , its reflectivity

by R =  -J*- and transmissivity by D =  , we shall obtain theWf wT
expression

A +  /? +  £ > = !. (2-25)

A body capable of absorbing all the rays falling on it is called 
a black body, for which A =  1. A body which reflects all the rays 
is called a specular or absolutely white body, for which R = I. 
With D = 1 all the radiant energy passes through the body, and 
such a body is called an absolutely transparent or diathermanous 
one. Most solids and liquids are practically nontransparent, or 
athermanous to heat rays, i.e., for them D=0. The values of A, R 
and D depend on the nature of the body, its temperature and the 
wavelength of the rays.
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Laws of Radiation. The emissive power of a body E shows the 
amount of heat radiated from one square metre of its surface per 
hour for all wavelengths from X = 0 to X = oo.

In 1901 Planck formulated a law governing the distribution of 
radiant energy by wavelengths at various temperatures. The re
sults of Planck’s investigations are presented graphically in Fig. 64. 
With an increase in wavelength X the emissive power of a black 
body E0 increases, reaches its 
maximum value for each tern- 30 
perature T° K at a certain wave- 
length Amax, and then dimini- ^
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shes. The maximum emissive power shifts towards the shorter 
waves with a rise in temperature.

In 1893 V. Wien found that the product of the absolute tem
perature T and XmaK is constant. According to Wien’s law

Xmax7' =  2.9 mm°K. (2-26)

The area under the curve T =  const (Fig. 64) represents the 
amount of energy radiated within the limits of definite wavelengths. 
The total amount of energy radiated over the whole range of 
wavelengths will be the integral radiation of a black body:

CO
Eo =  f  (2-27)

o

From the curves shown in Fig. 64 it can be seen that the energy 
of the visible range of wavelengths, shown as a shaded band at 
the left-hand side, is negligibly small in comparison with the 
energy of infra-red radiation at practical temperatures.

9 *
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The Stefan-Boltzmann law for the radiation of a black body is 
the result of experimental work done by Stefan in 1879 and the 
theoretical proof worked out by Boltzmann in 1881. According to 
this law

£ 0 =  a07’4 kcal/m2-hr, (2-28)

where oo =  factor, known as the Boltzmann constant, equal to 
4.9 X  10 8 kcal/m2-hr-°K4.

To facilitate engineering calculations, the factor a is increased 
108 times, while for purposes of compensation the temperature in 
formula (2-28) is divided by 100. The Stefan-Boltzmann law there
upon acquires the following form:

£o =  co (tcht) ' (2-29)

where the radiation factor of a black body

c0 =  aol08 =  4-9 kcal/m2-hr-°K4-

The emissive power of real bodies, usually called gray bodies, 
differs from that of a black body, but investigations carried out by 
Stefan and other scientists showed that the law governing the 
radiation of a black body is also applicable to gray bodies. For 
all wavelengths the radiation curves for gray bodies are similar 
to those plotted for a black body. The ratio of the emissive power 
of gray bodies to that of a black body at the same temperature is 
called the emissivity of the gray bodies

whence the formula for calculating the emissive power of gray 
bodies will be

E =  c°e ('w )  =  4‘9e("RSo) • (2‘31)

The emissivity of a body depends mainly on its physical and 
chemical properties and on the state of its surface—whether it is 
rough or smooth. A smooth surface has a lower emissivity than a 
rough one. Unlike visible light rays, the colour of a body has no 
noticeable influence on the absorption and reflection of heat rays.

The emissivities e of some gray bodies, determined experimen
tally at the temperatures, indicated therein, are given in Table 7,
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Table 7

Material t deg C £

F ir e b r ic k .............................................. 1,000 0.75
Iron, o x id iz e d ...................................... 200 to 600 0.64 to 0.78
Iron, p o lish e d ...................................... 425 to 1,020 0.144 to 0.377
Lime p laster.......................................... 10 to 90 0.91
Oil paints, various c o lo u rs ............... 100 0.92 to 0.96
Red brick, rough .............................. 20 0.93
Steel, oxidized...................................... 200 to 600 0.74 to 0.8
W a te r..................................................... 0 to 100 0.95 to 0.963

Lambert proved that the maximum radiation per unit of surface 
area is in a direction normal to the surface. If a narrow beam of 
rays is directed at an angle <p to the normal, then the amount of 
energy radiated in this direction compared with the normal 
radiation En will be

Ef =  En cos <p. (2-32)

Radiation Between Surfaces. According to Kirchhoff’s law, the 
ratio'of the emissive power E to the absorptivity A is the same for 
all surfaces and depends only on temperature.

£i __ _  E*_ _  _  Eg
Aj A 3 4̂q

Substituting E in this expression with its value from equation
/ T \ 4(2-29), viz., E =  cl-y^g-l and cancelling the temperature factors, 

we get
c\ _ C2 _____ _ C3 _________   c0
A x ~  A a ~  A , —  A ~  Ag ’

Substituting of the factors c0 — 4.9 and A0 =  1 for a black body 
into equation (2-33) gives

c =  c0A =  4.9 A. (2-34)

A comparison of formulas (2-30) and (2-34) shows that A =  e, 
i.e., absorptivity A and emissivity e are numerically equal.

If two parallel surfaces having different temperatures Tt and T2 
are arranged at a small distance from each other (Fig. 65) radia
tion is exchanged between them. The first surface 1 emits rays to 
surface 2 which partly absorbs and partly reflects these rays. In
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this case only single reflection is of a noticeable importance. The 
total radiation of the first surface consists of its own radiation
cy (-jjjjj-j ari(£'the reflected fraction of the radiation emitted by the
second surface E»( 1 — Ay). In Fig. 65 the heat absorbed by each

Fig. 65. Radiant heat exchange Fig. 66. Radiant heat exchange
between parallel surfaces between two mutually enclosed

surfaces

surface is shown by wavy arrows. The radiation from the first sur
face per m2-hr will be

E1 = c1 (w )4 +  ̂ 0 -A).
and, correspondingly, from the second surface:

=  ( 4 ) + A ( i - 4

The difference between these radiations gives the radiant 
exchange between the two surfaces, and if T\ >  T2,

<7l2 =  A

Substituting Ey and E2 with the values in the above expression 
and replacing Ay and A2 with their values expressed in terms of ct 
and c2 (equation 2-34), we get the final equation for the radiant 
exchange for the area F per hr:

0  =  T — F r x 1F [ ( 4 ) 4- ( ^ r),]k c a 1/hr. (2-35)
C, C2 Co
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The term consisting of radiation factors cu c2 and c0 is called the 
reduced radiation factor of a system of bodies:

ci2=  “j ~  • (2-36)
c, +  C2 Cq

This factor can be expressed through emissivity. Let us multiply 
the numerator and the denominator .by c0 and replace ci and c2 
with e from expression (2-30). Thereupon ci2 will be expressed 
through the reduced emissivity et ed‘-

4.9 . n
^12 i i T .9  S-rei-

The general case of radiant exchange between surfaces is that 
in which one of two surfaces of arbitrary shape F2 surrounds the 
other surface Ft (Fig. 66). The special feature of this case consists 
in that apart from radiant exchange between the two surfaces 
involved, partial self-radiation of surface F2 takes place, since part 
of the rays emitted by this surface will miss surface Fi and be 
reflected from the originating surface F2 as shown by the left-hand

p
arrows in Fig. 66. Only part of the rays p =  -^- emitted from
surface F2 will fall upon surface Fu while the remaining part 
(1 — p) will be self-reflected. The radiant exchange between sur
faces Fi and F2, therefore, will be

Q =  Qi - P Q 2- (2-37)
The amount of heat emitted by the first surface Fi consists of 

its own radiation and reflected radiation,

Q. =  ( tw )4 +  0  ~  A ) PQ2- (2-38)

The radiation from the second surface F2 additionally includes 
self-radiation, hence,

Q2 =  c2F2 ( ^ ) 4 +  (1 -  A 2) Q, +  (1 -  A2) (1 -  P) Q2. (2-39)

Upon solving equations (2-38) and (2-39) and substituting Qt 
and Q2 in equation (2-37) with their values, after replacing the 
factor A with the factor c according to Kirchhoff’s law, we get a 
formula expressing the radiant exchange between two embracing 
surfaces:

<i \ c2 c0 )

(2-40)
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where the reduced radiation factor is
c<  _______ 1 _____

k 12—  M '
C| \ C2 C0 /

Formula (2-40) is applicable only in those cases when the inner 
surface Fi is convex, since in concave surfaces complicated self
reflection of a part of the rays will take place.

Example 4. An iron pipe 100 mm in diameter and with a wall temperature 
t\ — 130 deg C is laid inside a brick duct with a cross-section of 0.28 X 0.35 m 
with a wall temperature U =  35 deg C. Determine the amount of heat lost by 
radiation per hour from 1 metre of the pipe.

Determine the radiation factors c kcal/m2-hr-° K4 from Table 7 and formula 
(2-30):

for an oxidized iron pipe with an emissivity Ei =  0.74
c, - 4.96, =  3.6;

for brick with an emissivity 82 =  0.93
c2 =  4.9e2 =  4.56.

The reduced radiation factor c'i2 is found from formula (2-40): 
, 1

Cl2~  J_  4 . £ l (* ___M  ’
C| F2 \ c2 c0 /

where F1 =  area of one metre of pipe:
F l =  ndl =  3.14 X  0.1 X  1 =  0.314 sq m;

F2 area of one metre of duct:
^2  =  2 X  1 X  (0.28 +  0.35) =  1.26 sq m;

£ l
f2

0.314
1.26 = 0.25;

c 12
— +  0.25 (-tL - tU

= 3.55 kcal/m2-hr.

The hourly loss of heat by radiation from one linear metre of pipe is found 
from formula (2-40):

e = ‘« - ( 4 ) + . -

- “ K T i - m ' j x 0.314= 194 kcal/m-hr.

Screens. It is sometimes required to reduce thermal radiation in 
heat-engineering equipment, especially in heat-insulation structure 
members. In such instances partitions called screens are placed 
between the surfaces with radiant heat exchange.
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For simplicity let us consider two parallel surfaces with a screen 
between them, as shown in Fig. 67, assuming the radiation factors 
to be equal for all the surfaces, i.e., Ci =  cscr =  c2.

Using equation (2-35), we obtain the following radiant exchange 
between the two surfaces in the absence of the screen, per sq m of 
area:

<7.2 =  -  (-^ -)4] kcal/m2-hr. (2-41)

After installation of the screen radiant heat 
exchange at both sides of it will be expressed 
by the two equations:

^ l«r =  ?«r2 =  C12 [ (7 0 0 )  ~  ("iMt) ] =

= c4 f e M - w ) ‘]-
From these equations we determine

and, substituting it with its value in equation 
(2-42), we get

R\scr —  ? ^ 2 = : 0 - 5 c 12 [ ( - j q q )  ( lo o )  ]•

Replacing the expression in parentheses with 
its value from equation (2-41) _ -— , we

"  C j2
finally get

?l«r =  ?5C,2 =  0-5?12- (2-43)

/ z

Fig. 67. Parallel 
surfaces with a thin 
screen between them

Thus, a screen halves the radiant heat exchange between two 
surfaces.

It can be shown in a similar way that the rate of radiant heat 
exchange between two surfaces can be reduced (n +  1) times by 
introducing n screens between the two surfaces.

If when employing screens, the radiation factors of the enclosures 
(walls, partitions, ceilings) do not coincide with those of the screen 
cscr, formula (2-43) will become

qlser =  0 . 5 ^ f q 12, (2-44)+■12
where clsCT = reduced radiation factor between the enclosure and 

the screen.
Intermediate Air Layers. To illustrate the practical use of screens 

let us consider the intermediate air layers employed to improve 
the heat-insulating properties of enclosures of different types. In 
air layers 70 to 80 per cent of the heat is transmitted by radiation. 
For this reason an effective reduction of heat transfer in air layers
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can be obtained by installing thin partitions serving as screens 
that sharply reduce radiant heat exchange.

Air layers' £Te often filled with fine-grained materials which, sim
ilar to numerous screens, greatly reduce radiant heat exchange.. 
Such fillings, however, increase the conduction of air layers and 
care must, therefore, be taken to select a filling material with the 
lowest possible thermal conductivity,, and employ fillings only in 
wider air layers, in which the thermal resistance to heat conduction 
grows with an increase in the thickness of the filling.

Fillings also sharply reduce heat transfer by convection in air 
layers. A relatively small amount of heat, however, about 8 to 16’ 
per cent, is transferred by convection. It must be borne in mind 
that only inorganic and nonhygroscopic materials, that are not 
subject to rot and decomposition, should be used to fill air layers. 
It is expedient to arrange the air layers in the colder sections of 
enclosures, since in this case the radiant heat exchange will be 
less due to the smaller difference between the fourth powers of the 
absolute temperatures. The high heat-insulating properties of air 
layers will be sharply reduced upon the infiltration of cold ambient 
air through slits, cracks, etc., since this results in a considerable 
increase in heat transfer by convection.

Radiation from Gases. In contrast to solids, which have a con
tinuous spectrum, gases have a pronounced band spectrum. Besides, 
monoatomic and diatomic gases (O2, .N2, H2) are almost com
pletely transparent to thermal radiation, i.e., are diathermanous 
and their radiation therefore can be neglected. Triatomic and 
polyatomic gases (CO2, H20, S02) have emissive and absorptive 
properties.

Investigations have shown that the principal products of fuel 
combustion C02 and H20  have three spectrum bands with a wave
length X ranging from 2.24 to 25 microns. Due to their band 
spectrum the emission and absorption of rays by gases is of a se
lective nature, i.e., these phenomena, take place only within certain 
wavelength intervals.

The main difficulty encountered in investigating radiant heat 
transfer in gases consists in that the emission and absorption of 
the rays take place in the space occupied by the gas. The heat 
emitted by one layer of the gaseous volume is absorbed to some 
degree by other layers which also begin to emit heat, etc. Here the 
calculations of the radiant heat interchange in gases are greatly 
hampered by different geometrical shapes of the gaseous volume.

The absorption of radiation by layers of athermanous gases 
depends on the absorptivity of each layer. The absorption depends 
on the temperature Tg of the gases and is proportional to the 
partial pressure p of the individual components of the mixture and
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to the length I of the ray path. Thus, the absorptivity of gases with 
a  certain wavelength k  can be expressed by the function

A\ =  fiTg> P1)-
For practical calculations of radiant heat exchange in gases 

empirical formulas, data from reference tables and charts are 
employed. For example, the'radiant heat exchange between ather- 
manous gases and the walls containing them is calculated by the 
formula

Q =  A.9zw [zg (m ) Ag (-jQQ ) J F kcal/hr,

where Tg and Tw =  gas and wall temperatures, deg K;
zw and eg=  effective emissivity of walls and gases taken 

from charts plotted on the basis of experi
mental data;

Ag =  absorptivity of the gas at the wall tem
perature;

F =  surface of confining walls, sq m.
E xam ple 5. A n iron screen  w ith  a rad iation  factor cSCT =  4.3 k ca l/m 2-hr-° K4 

i s  p laced  betw een  tw o  p arallel e m itt in g  su rfa ces h a v in g  a rad iation  factor c, =  
=  4 k ca l/m 2-hr-°K 4 and tem peratures t\ =  300 d eg ' C and U =  27 d eg  C. 

D eterm in e the rad ian t heat e x c h a n g e  per sq m per hour betw een  the tw o  
su r fa ces w ithou t and w ith  the  screen .

The rad iant h ea t e x c h a n g e  w ith ou t the  screen  is ca lcu la ted  from  form ula  
(2-35)

4  4  4.9

The rad iant heat ex ch a n g e  w ith  the  screen  is ca lcu la ted  from  form ula (2-44)

q\scr =  0 .5  — ^  0 1 2 ,
C\2

w h ere

Ciscr =  -j--------]---------f  =  "j------- f ---- p  =  3-6 kcal/m?-hr-°K4;
c, cscr c0 4 4 .3  4.9

from  ca lcu la tio n s  for the co n d itio n s w ith ou t the screen  c| 2 =  3.38. 

qiscr =  0 .5  -—  3,377 =  1,798 k c a l/m 2 -hr.

Thus, in sta lla tio n  o f  the screen  reduced  the rad iant h eat ex ch a n g e  by 46.8  per  
c e n t.



C h a p t e r  II 
H E A T - E X C H A N G E  E Q U I P M E N T

1. Combined Heat Transfer
In actual conditions heat is mostly transferred from one fluid 

medium to another by all three modes of heat transfer simulta
neously, i.e., combined heat transfer is the rule. For c a l c u l a t i n g  
the amount of heat transferred under such combined conditions an 
overall heat-transfer coefficient k is introduced, the latter showing 
the amount of heat transferred from one fluid to the other through 
one square metre of the wall separating the two fluids per hour 
with a difference between the temperatures of the two fluids of 
(ft — t2) = 1 deg C. The formula for combined heat transfer will 
thereupon acquire the following general form:

Q =  kF i(tl — 12) kcal. (2-45)
Flat Wall. Let us consider the transfer of heat from one medium 

with a higher temperature ft to another medium with a lower 
temperature t2 through one square metre of a flat homogeneous 
wall 6 m thick between them, if the temperatures at the surfaces 
of the wall are twi and tw2 (Fig. 60). In this instance the following 
will take place:

(1) the transfer of heat from the medium with a temperature tt 
to the wall having a temperature twl by radiation and convection, 
which can be expressed by Newton’s formula with the total coef
ficient of heat transfer from the first medium to the wall a t:

<7 =  «i (fi — twi) kcal/m2-hr;

(2) heat transfer by conduction through the material of the 
wall, which from Fourier’s equation is

q — X*™' kcal/m2-hr;

(3) heat transfer between the wall and the colder medium by 
radiation and convection, which can be expressed by Newton’s for
mula with the total coefficient of heat transfer from the wall to 
the second medium a2:

q =  H (tw2 — *2) kcal/m2-hr.
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Let us determine the temperature difference for each of the three 
equations. Then, knowing that under steady-state conditions the 
rate of heat flow through each section at right angles to the direc
tion of flow is the same, let us sum up the three equations by 
members:

_  t . , , _  6 . , , _  _j_
twi — ^ a, ' *wl Q \  ' ? a, ’

After summation and reducing we obtain

From this equation we determine the amount of heat transmitted 
under conditions of combined heat transfer

q =  —----- -̂----j- (tx — t2) kcal/m2- hr. (2-46)
a, X o2

The expression preceeding the parentheses in equation (2-46) 
and combining the three heat-transfer coefficients is the overall 
coefficient of heat transfer

k — —x---- 1---- 7- kcal/m2-hr-deg. (2-47)
__L _  ---<*l X aj

Summing by members the equation of conduction 

and the equation of heat exchange with the second medium

we obtain a formula for determining the maximum wall tem
perature at the side of the medium with the higher temperature

^ i  =  2̂ +  ̂ ( x  +  ̂ j*  (2-48)

This temperature is of great importance for appraising the work
ing conditions of the metal of which heat-exchange equipment is 
made.

The temperature distribution curve for the case under considera
tion is given in Fig. 60.

If the wall or other flat enclosure is of a composite design 
(Fig. 58), then it will be more simple to determine the combined
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heat transfer through the thermal resistance to heat transfer R, 
which is the reciprocal of the overall heat-transfer coefficient:

According to equation (2-7), the resistance to conduction is 
determined as the sum of the thermal resistances of the individual 
layers in a composite enclosure. The resistances to the external
heat transfer are and The general equation for the thermal
resistance to heat transfer of a composite wall acquires the follow
ing form:

D _ 1 I 5‘ I ;
H ~  a, +  X, +  X2 f  •

In its final form the equation for heat transfer through composite 
flat enclosures will be

Q
l

n F i(tx — t2) kcal. (2-50)

Cylindrical Wall. Let us first consider a cylindrical single-layer 
tube (Fig. 59) in which heat flows from the internal medium with 
a temperature U to the external medium with a temperature t2. 
Conduction through a cylindrical wall is determined from formula 
(2-9), from which it follows that the thermal resistance of one 
metre of tube length is

Upon combined heat transfer it is necessary to add to this 
resistance the resistance to heat transfer from the internal medium 
to the tube Rin and the resistance from the tube to the external 
medium Rex. Since in a cylindrical tube the inlet and outlet areas 
through which the heat flows are not equal, the thermal resistances 
must be related to the respective diameters.

The thermal resistance to heat transfer from the internal medium 
to the wall of the tube for a section of the tube 1 m long and 
with an inner diameter di is
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and the thermal resistance to heat transfer from the tube to the 
external medium with an outer tube diameter dz is equal to

D   *
Aex a2d2 '

The total thermal resistance to heat transfer per metre of tube 
length is

^ =  T =  T ^ + +  m-deg-hr/kcal. (2.52).

The final equation for heat transfer through a single-layer cy
lindrical wall will be

Q =  —i------ j ~ ------- r — — t2) kcal/m. (2-53)
— ln-=i +  —axd j 2a d x a2d2

For insulated tubes (Fig. 68) having several (n) layers of 
different insulating materials with the layer diameters ranging

Fig. 68. Composite cylindrical tube

from d2 to dn+i the formula for heat transfer becomes

t
1

a2̂ n+l

lex (/j — t2) kcal/m. (2-54)

Example 6. Determine the overall heat-transfer coefficient for a four-layer 
outer wall of a dwelling, also the loss of heat through the area of the wall 
F = 5 X 2.8 =  14 sq m during 12 hours. The wall consists of a layer of plaster 
on its inner side with a thickness 6 i =  15 mm, a section of brickwork with a
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thickness 62 =  125 mm, a layer of slag filling with 63 = 140 mm and outer 
brickwork with 6* =  125 mm.

The materials of the wall have the following thermal conductivities in 
kcal/m-hr-deg: ithe plaster =  0.6; the brickwork X2 and = 0.7; and 
the slag filling . X3 =  0.25. Let us assume total heat-transfer coefficients 
oci =  7.5 kcal/m2-hr-deg and a2 =  20 kcal/m2-hr-deg. The temperature inside the 
dwelling t\ =  18 deg C, and outside t2 =  —30 deg C.

The overall heat-transfer coefficient is determined from formula (2-49) as the 
reciprocal of the thermal resistance of a composite wall:

k = 1
R

___________ 1̂_________
_l_ _*1_ 1 2̂_ I -_̂3_ 1 1_

a, "T" X, I2 »!
1

~  1 0.015 0.125 0.14 0.125
7.5 +  0.6 0.7 0.25 ' 0.7

—  =  0.89 kcal/m2-hr-deg. 

20

The loss of heat is found from formula (2-50):

Q =  kFz (tt — 12) =  0.89 X  14 X  12 [ 18 — (—30)] =  7,177 kcal.

Example 7. Find the hourly loss of heat from one metre of steam pipe line 
with an inner diameter d 1 = 160 mm and an outer diameter d2 = 170 mm, if 
the pipe is protected with a two-layer insulation of mineral wool and asbestos, 
each layer with a thickness 6 =  50 mm. The temperature of the superheated 
steam in the pipe t, =  250 deg C, and of the surrounding air t2 =  20 deg C. 
The thermal conductivities in kcal/m-hr-deg are: for steel wall Xi =  50; for 
asbestos X2 = 0.15; for mineral wool X3 = 0:04. The heat-transfer coefficients 
(kcal/m2-hr-deg) are: for heat transfer from the superheated steam to the tube 
cti =  100; and from the insulation to the air a 2 = 10.

From formula (2-54) the heat transferred through 1 m of the insulated pipe 
during one hour will be

Q = 1 1
aldl ' 2X,

_________J____________
, d2 1 1 . rfi . 1 , d\
l nd7+2j^ ln ^7 + 2X7 "^7

—j— it (/, — t2) kcal/m-hr,

a2d<

where d3 = outer diameter over the asbestos insulation;

d3 =  d2 +  28 =  170 +  2 X  50 =  270 mm;

dt = outer diameter of the insulated pipe;

dt =  d3 +  28 =  270 +  2 X  50 =  370 mm.

Substitution of the values gives

1 , 1 , 0.17 1 0.27 1 0.37
lOOXO-ie”1" 2 X 5 0  n 0.16 +  2X 0.15 n 0.17+ 2X 0.04 n 0.27

—
10X0 37

X  21 (250 — 20) =  125 kcal/m-hr.
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2. Calculation of Heat-exchange Equipment
In heat-transfer equipment heat is transferred from one liquid 

or gaseous heat-carrying medium to another by direct contact of 
the particles in. mixing heat exchangers, and through an interme
diate wall in surface heat exchangers. Depending upon the direc
tion of flow of both heat-carrying mediums there are distinguished 
the following three basic types of surface heat exchangers

Fig. 69. Principal kinds of heat exchangers and graphs showing changes In
medium temperatures

a -  parallel-flow; b — counterflow; c — cross-flow

(Fig. 69): parallel-flow, counterflow and cross-flow units, which 
serve for creating various combined installations.

From the graphs showing the changes in the temperature of 
the heat-carrying mediums it can be seen that in a counterflow 
arrangement the outlet temperature of the medium being heated 
h  may exceed the outlet temperature of the heating medium t\ . 
For this reason, under identical conditions, in heat exchangers 
of the counterflow type a higher temperature of the medium being 
heated can be obtained than in a parallel-flow installation.

In heat-exchanger calculations the heat-transfer surface F or 
the outlet temperatures of the heat-carrying mediums are usually 
calculated from general heat-transfer equation (2-45) arranged as 
follows:

Q =  kFxM, (2-55)

where Â  =  temperature difference between the heating medium 
and the one being heated at the given point of the 
heating surface.



146 HEAT TRANSFER

In a counterflow exchanger the mean temperature difference 
A/ is l a r g e r . t h a n  jn a parallel-flow one, therefore, the former type 
will require a smaller heating surface than the latter, as follows 
from formula (2-55). However, if the temperature of one of the 
heat-carrying mediums is constant the mean temperature differ
ence will be the same in heat exchangers of both types.

The second formula for calculating heat-exchange equipment is 
the heat-balance equation

Q =  , (t{ frili 2̂)’ (2-56).

where w =  velocity of the heat-carrying mediums, m/hr;
/ =  cross-section of medium stream, sqm;
7 =  specific weight of the heat-carrying mediums, kg/m3; 

the subscript 1 denotes the heating medium, 2—the 
medium being heated; (') denotes the inlet tempera
ture of the medium and (")—the outlet temperature.

Calculations are simplified by introducing the conception water 
equivalent, numerically equal to the amount of water whose heal 
content is equivalent to that of the heat-carrying medium flowing 
per hour. Mathematically the water equivalent is expressed as 
follows:

W = w f i c p kcal/hr-deg. (2-57).

The heat-balance equation thereupon acquires the following 
form:

Q = W ](t'l ~ t ; ) = W 2( t ; - t 2). (2-58>

Equation (2-58) can be rearranged as follows:

W2 =

From the above it follows that the ratio of the changes in tem
perature of the heat-carrying mediums is inversely proportional 
to the ratio of their water equivalents, or, in other words, the 
greater the water equivalent of a heat-carrying medium, the less 
its temperature changes in the process of heat transfer.

Mean Temperature Difference. To employ equation (2-55) for 
calculating the size of heating (or cooling) surfaces one must 
know the temperature difference At. If the change in the temper
atures of the heat-carrying mediums is relatively small, then the 
curve showing this change approaches a straight line. In such 
cases the mean temperature difference may be substituted with
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the mean arithmetic temperature difference, this giving sufficient 
accuracy for practical purposes (Fig. 70).

t±tn tt —<2“Ml —h *l”Ml h +  h 
2 (2-59)

For precise determination of the mean temperature difference 
let us consider an elementary area dF in the graph of a parallel- 
flow heat exchanger (Fig. 70) and 
find the heat increment for this 
area. The temperatures t\ and (2 
of the heat-carrying mediums can 
be considered constant within 
the limits of this elementary 
area.

The difference between the tem
peratures of the heat-carrying 
mediums will therefore be

d =  /] — /2> 
and the heat increment for the area 

dQ =  kbxdF.
This heat increment can also be 

expressed from heat-balance equa
tion (2-58). Upon combining and 
solving the two equations and carrying out simple rearrange
ments we obtain in an integral form the equation for heat transfer 
between two heat-carrying mediums

Q =  fc F t^ = ^ - .  (2-60)

In this formula the mean logarithmic temperature difference is 
used:

=  (2-61)
,n¥

By analogy, we can derive the formula for the logarithmic mean 
temperature difference for a counterflow heat exchanger. In order 
to combine the formulas for the parallel-flow and the counterflow 
exchangers into one, let us designate the higher temperature 
difference th by Afmax and the lower temperature difference by 
A/min- The general formula for the mean logarithmic temperature

Fig. 70. Diagram for calculating 
parallel-flow heat exchanger

10*
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difference for parallel- and counterflow installations therefore be
comes

U  ^  A'n,m . (2-62)
In  max

Atmin
At

Practical calculations have shown that at ratios A,m * 1 .7,
the mean arithmetic temperature difference (2-59) may be em-

A t
ployed, while if _ 111 x > 1.7, the mean logarithmic temperature

* i t . I n
difference At!og must be used.

For heat, exchangers with cross-flow and mixed-flow design the 
mathematical solutions for finding the mean temperature differ
ences are very complicated. For this reason for the flow arrange
ments encountered most often the results of these solutions are 
published in the form of charts, which are used to determine the 
mean temperature difference for each particular case.

Example 8. The heating liquid in a tubular water and water heat exchanger 
has an initial temperature t 1 =  110 deg C and a final temperature =70 deg C. 
The water being heated enters the counterflow exchanger at a temperature 
t2 = 40 deg C and leaves the exchanger at t2 =  60 deg C. Find the mean 
temperature difference At between the two heat-carrying mediums.

From formula (2-59) the mean arithmetic temperature difference is

Atar — 2
*2 ~l~*2 

2
110 +  70 40 +  60
-----»---------------k-----=  40 deg C.

From formula (2-62) the mean logarithmic temperature difference is equal to

Atmin

. =  <i — t2 =  110 — 60 =  50 deg C; 

=  t'[ — t2 =  70 — 40 =  30 deg C;

At[0g —
Atn : — Âmln 50 30

ln- 50
30

=  38.3 deg C.

Âmln
From this example it can be seen that with the ratio 

Atm ax fih
At „ 30 =  1.66 <  1.7

the arithmetic mean temperature difference gives an error of 4 per cent which 
is usually tolerated in engineering calculations.

Example 9. In the heat exchanger considered in the preceding example heat 
amounting to Q =  20,000 kcal/hr is transferred from the heating medium to the 
one being heated with an overall heat-transfer coefficient k = 1,500 kcal/m2-hr- 
deg. Find the heat-transfer surface for exchangers with a counierflow and a 
parallel-flow design.
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For the counterflow heat exchanger, knowing the mean logarithmic tem
perature difference Ati0g, we can find the required heating surface from formula 
(2-55):

20,000 
1,500X 1 X38.3 0.349 sq m.

For the parallel-flow heat exchangers the maximum and minimum tempera- 
ture differences are

^ max =  ^ - < 2 =  110 -  40 =  70 deg C; 

Afmln =  ( i -  4 ' =  70 -  60 =  10 deg C.

Since
A t_ 70
*«!„ 10

= 7 >  1.7, we use the mean logarithmic temperature dif

ference for calculations

^hog — Âmax Alm[n _ 70 10
~  . 70

lnTo
Af„
Atniln

Thereupon for the parallel-flow heat exchanger 
„ Q 20,000

kzM [og 1,500X1 X 30.8 '

: 30.8 deg C.

0.434 sq m.

This example shows that for the counterflow design a smaller heating sur
face is required than for the parallel-flow exchanger, in this particular case by 
24 per cent.



S e c t i o n  T h r e e  

F U E L

C h a p t e r  I 
PROPERTIES OF FUEL

1. General Information
Combustible materials which on the basis of engineering and 

economical considerations can be expediently employed for the 
production of heat in power, industrial and heating installations 
are known as fuels. Frpm ancient times heat has been obtained 
by burning carbonaceous fuels of an organic origin. At present 
the heat of nuclear fuel, released in the chain reactions of uranium 
and plutonium nuclear decay, is also finding greater and greater 
use.

Fuel in respect to its state may be solid, liquid and gaseous, 
while depending on the method of production natural and manu
factured fuel is distinguished.

Natural solid fuels include anthracite, bituminous coal, lighite 
(brown coal), peat, combustible shales, firewood and vegetative 
waste, while manufactured fuels include coke, semicoke, charcoal, 
briquettes, pulverized fuel, coal enriching waste products and nu
clear fuel.

Crude oil is a natural liquid fuel. Manufactured liquid fuels in
clude the following oil products: gasoline, ligroin, kerosene, solar 
oil, diesel oil, engine fuel, fuel oil, and solid fuel processing 
products, such as resin oils, benzene and synthetic fuel.

Natural gaseous fuels include natural gas and side petroleum 
gas, while manufactured gaseous fuels include producer gas (air, 
water, mixed and steam-oxygen gases, as well as the products 
of underground coal gasification), cracking gases, blast-furnace 
.gas, etc.
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After the establishment of Soviet Power in Russia extensive 
development of the fuel industry commenced both as regards ex
ploring and putting into operation new rich reserves of mineral 
fuels, and expansion of the old deposits and fields.

2. Composition of Fuel

Solid and liquid fuels consist of combustible components, 
namely, carbon (C), hydrogen (H), and volatile sulphur (S,), 
noncombustible components — oxygen (O) and nitrogen (N), 
mineral matter called ash (A) and moisture (W).

Volatile sulphur consists of organic compounds (S01) and py
rites (Sp):

=  Sor 4- Sp =  Sor +p.

In the analysis and calculations of solid and liquid fuels there 
are distinguished organic, combustible, dry, and as-received 
masses.

The composition of as-received fuel, in percentage by weight, 
may be expressed as follows:

C =  hi -f- O —f- N —f— Sor+p —f- A -|— W == 100 per cent. (3-1)

The distribution of the fuel components between the different 
masses is shown in Table 8.

Table 8

Super
scripts

Carbon,
C

Hydrogen, Oxygen, Nitrogen,
N

Volatile
Sulphur, Ballast

organic
L

pyritic
sp

ash
A

mois
ture W

0 Organic mass

c Combustible mass

d Dry mass

r As-received mass

Any fuel mass can be converted into as-received mass by multi
plying each component of the given mass by its conversion fac
tor M and adding the remaining components reduced to the
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as-received mass. The combustible mass is converted into the as- 
received mass by means of the conversion factor Mc~r.

,.c-r  1 0 Q - ( A '  +  W Q
—  100 (3-2)

The dry mass is converted into as-received mass by means of 
the conversion factor Md~r:

Md-r 100— wr 
100 (3-3)

A sample of solid fuel selected for chemical analysis is subjected 
to grinding, mixing, reduction of quantity and pulverization, 
manually or by mechanical means.

Gaseous fuels are usually reduced to their dry mass expressed 
.as the sum of their components and given in per cent by volume:

CH4 -(- C2H6 -f- C3H8 -j- CmH„ -(- CO -j- C02 +  H2 +
-)-N2-f- . . .  -|-H 2S =  100 per cent. (3-4)

3. Basic Specifications of Fuels
The most important specifications of fuels are thejr heating 

value, moisture content, ash content, ash fusibility, content of 
volatile matter and sulphur, caking ability, mechanical strength 
and lump size.

The heating value shows how much heat is generated when 
1 kg of solid or liquid fuel or 1 cu m (at standard conditions) of 
gaseous fuel is completely burned. The heating value of solid 
fuels and of heavy liquid fuels is determined by means of a bomb 
calorimeter (Fig. 71).

The fuel sample is placed in a closed thick-walled vessel (bomb) 
containing a thin fuse wire connected to an external electric cir
cuit. The bomb is filled with oxygen at a gauge pressure from 20 
to 30 atm and then immersed in a water calorimeter. When the 
■current is switched on the fuel sample ignites and burns together 
with the fuse wire. The heating value is determined from the 
amount of water in the calorimeter and the temperature rise 
following complete combustion of the fuel sample. The water equiv
alent of the bomb calorimeter (i.e., the quantity of heat consumed 
in heating the calorimeter parts and the water contained in it) is 
■determined by a preliminary test with standard fuel. The gross or 
higher heating value Q 'h , in kilocalories per kilogram of fuel, is 
determined by deducting the heat produced by the burned fuse wire 
(and by the accompanying reactions) from the total heat produced 
In the calorimeter and dividing the result by the weight of the 
fuel sample.
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In practice, the net or lower heating value Ql , determined oa 
the basis of the as-received mass, is used more often. It is ob
tained by subtracting from the 'gross heating value the amount 
of heat required to evaporate the moisture contained in the fueL 
(W'%) and the Water formed upon combustion of the fuel (9Hr%) 
(the heat required for this purpose per 
kilogram of moisture is about 
600 kcal):

9Hr , Wr \Ql — Qn — 600 (-100 +  — ) kcal/kg.
(3-5)

The net heating value may be de
termined approximately for solid and 
liquid fuels by means of Mendeleyev’s 
formula on the basis of the fuel compo
sition by elements in per cent:
Ql =  81C'~|- 246H' — 26 (O' — So,+P) —

— 6W' kcal/kg. (3-6)
The heating value of gaseous and 

light liquid fuels (gasoline, kerosene) 
is determined with the aid of a gas 
calorimeter (Fig. 72). This instrument 
consists of a double-wall combustion 
chamber with a gas or liquid-fuel wick 
burner installed at the bottom. The 
products of combustion pass through 
the vertical brass tubes contained in 
the space between the combustion- 
chamber walls through which water 
circulates. The heating value is calcu
lated from the amount of water that has flowed through the 
calorimeter, the difference between its inlet and outlet tempera
tures and the quantity of fuel burned during the test.

The heating value of gas fuel may be calculated on the basis 
of its dry mass by summing up the products of the heating values 
of its separate combustible components Qd (divided by 100) and 
the content by volume vd of the corresponding component in the 
gas mixture in per cent:n

Ql =  2J Q lvl =  25.8H2 +  30.2CO +  85.5CH4+  141.1C2H4 +

+  152.26C2H6 +  217.9C3H8 +  283.4C4H10+  170CmH„ +
+  55.9H2S-(- . . .  kcal/st m3. (3-7)

Fig. 71. Calorimeter instal
lation

/  — bomb; 2 — tank of calorimeter; 
3 — double-wall protective casing 
filled with water; 4—mixer; 5 —ther. 

momeler; 6 — mixer drive



Fig. 72. Gas calorimeter
J —water distributing tank; 2 —damper of feedwater; 3 and 4 — thermometers at Inlet and 
•outlet ol cooling water; 5 — overflow funnel; 6 — cock controlling water drainage; 7 — throttle 
plate; 8 — outlet combustion products; 9 — thermometer at outlet of combustion products; 
/0 _ Water jacket; 7/  — brass tubes for flow of combustion products; 12 —  water mixing cham
bers; 13 — combustion chamber; 14 — gas burner; /o —drain tube and measuring glass Tor con 

densated vapour from combustion products; 16 — casing; 77 —water tube; 18 — control cock
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To compare the consumption of various kinds of fuel in practice 
the concept reference fuel is used. The heating value of this fuel 
is taken equal to 7,000 kcal/kg. To convert any fuel into reference 
fuel multiply the quantity of the fuel under consideration by its 
calorific equivalent E,

Fuel moisture consists ot internal or hygroscopic moisture and 
external or mechanical moisture.

The external moisture content is determined by air-drying 
samples of the as-received fuel on trays until their weight remains 
constant.

The internal moisture content in solid fuels is determined by 
drying an air-dry sample of the fuel in a desiccator at a temper
ature of 102 to 105 deg C until the weight remains constant. In 
liquid fuels the moisture content is determined by letting it settle 
in special vessels at a temperature of 40 deg C for 24 hours. The 
moisture content of gaseous fuels is found by passing the gas 
through a U-tube filled with hygroscopic calcium chloride.

In furnace processes it is important to know the reduced fuel 
moisture content related to 1,000 kcal per kilogram of as-received 
fuel:

Wred =1,000 —  . (3-8)
Q rL

Fuels with a reduced moisture content less than 3 are regarded 
as low-moisture fuels, and with a reduced moisture content from 
3 to 8 are considered as average-moisture fuels.

Moisture in fuel sharply impairs its quality, since it not only 
decreases the net heating value (being a ballast), but also requires 
a certain amount of heat for its vaporization. Moisture impairs 
ignition of the fuel, slows down the combustion process, lowers 
the temperature of combustion and increases the volume of the 
combustion products, which results in poorer draft and lower boil
er efficiency. Finally, the higher the moisture content in fuel, the 
more expensive is its handling and transportation.

The ash content in fuel comprises the noncombustible mineral 
admixtures remaining after complete combustion of the fuel and 
after all the accompanying transformations have taken place.

Ash being a ballast reduces the calorific value of the fuel and 
leads to additional' costs for its transportation and storage, as 
well as for grinding it if pulverized fuel is required.
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In the designation of coal the letter corresponding to its kind * 
stands first, next comes the letter denoting the size of the lumps:, 
for instancy, BP means brown, run-of-mine coal, ALU—anthracite 
dust. There may be combined grades of coals, such as: ACLU— 
anthracite buckwheat and dust, OM—nut coal with pea, APUl— 
run-of-mine anthracite with dust, etc.

The gravitational displacement of coal depends upon its loose
ness which is determined by the angle of repose at which free 
sliding ceases. The looseness of fine fuels reduces with the growth 
of their moisture content, and in winter, it even disappears com* 
pietely due to freezing of the particles.

* A—anthracite. K.—bituminous, B—brown coal.



C h a p t e r  II
KINDS OF FUELS AND PROCESSING THEREOF

1. Solid Fuels
Wood and Vegetative Waste. In the woodlands of the U.S.S.R. 

firewood and timber waste are used as fuel; in other districts 
these fuels are used only as kindling materials. Wood fuel con
tains a very small amount of ash (Ad =  1-3 per cent), but its 
moisture content Wr varies from 25 to 50 per cent, the tatter de
pending on the species of the wood, the age of the tree, the 
felling season and the storage conditions. With account taken of 
its moisture content the heating value of firewood will approxi
mately be

Q2 =  4,400 — 50Wr kcal /kg. (3-11)
Vegetative waste (straw, reed, cane, peel, pod, husk, tanwaste, 

etc.) are quite similar to wood in their composition and heating 
value.

Peat. Peat has the youngest geological age of mineral fuels, 
and it is a product of. decomposition and desintegration of grass 
plants (£ane, reecl, seel gey and mossfis under water in bogs. The 
ash content of peat, depending upon the silting of the bog, varies 
within wide limits. In the lowland peat bogs of the Ukraine the 
average ash content of peat constitutes Ad = 19 per cent, while 
in the peat bogs of the upper lands of Russia the peat ash content 
averages Ad = 8.5 per cent.

Peat is obtained mechanically, hydraulically or by milling. 
When peat is obtained with machines the peat mass is scooped 
from the bog and moulded into peat bricks which are then hauled 
to the drying fields. Milled peat is obtained by loosening the peat 
mass into fine crumbs not over 2.5 to 3 cm in size. When peat 
is worked hydraulically the peat layer is washed out with strong 
water jets until a liquid mass is formed, which is then pumped 
to the drying fields for drying and moulding.

Peat is hygroscopic and usually has a high and variable mois
ture content, generally within 40 to 50 per cent, depending on 
the method of working and the conditions of drying, transporta
tion and storage. The heating value of peat is not high and varies 
from 1,700 to 3,000 keal/kg, depending on its moisture and ash



Type and 
Grade

As-recelved mass

Kind of fuel and deposit
c r Hr Nr o r sr

Fossil coals:

Donets B a s in ....................... a 50.6 3.7 1.1 8.0 4.0

D itto ...................................... n>K 62.4 3.8 1.1 4.3 ' 3.6
D itto ...................................... T 70.6 3.4 1.2 1.2 2.7

D itto ...................................... A PHI 71.7 1.4 0.8 1.4 1.8

Kuznetsk Basin (Keme-
ro v o ).................................. ALL! 70.5 1.4 0.8 1.9 1.7

D itto ...................................... n c -c c 64.9 3.8 1.5 4.8 0.6

Karaganda B a s in ............... n>K-nc 57.0 3.4 0.9 5.4 0.8

Moscow B a s i n ................... B 29.1 2.2 0.6 8.7 2.9
Pechora B a s i n ................... a 47.4 3.2 1.3 9.7 2.5
Ukraine (Right coast) . . . B 21.1 1.9 0.2 7.1 2.6

Urals (K iselovsk)............... r 50.9 3.7 0.8 4.7 5.1
Georgia (Tkvarchely) . . . n>K 44.1 3.3 0.9 5.7 1.8

Kazakhstan (Irtysh) . . . . c c 44.2 2.9 0.8 6.5 0.8

Other fuel:

Combustible shales . . . . — 25.0 3:2 0.1 4.0 1.5
Peat ...................................... lump 30.9 3.2 1.3 17.8 0.2

P e a t ...................................... milled 25.7 2.7 1.1 14.9 0.1

Mixed firew ood................... — 30.3 3.6 0.4 25.1 —
Coke b r e e z e ....................... — 62.6 1.4 0.1 1.9 1.1

Gasoline (Baku) ............... — 85.0 14.95 — — 0.05
Solar oil . . ....................... — 86.5 12.8 0.4 — 0.3

Fuel o i l .............................. low
sulphur
content

85.3 10.2 0.7 — 0.5

Fuel o i l .............................. high
sulphur
content

83.4 10.0 0.4 2.9

The negative effect of the carbonate decomposition has been neglected.



Table 10

Volatile
content,

\ c
Ash,
Ar

Moisture.
w ' <4

Softening 
point of ash, 

/, deg C
Coke properties

43 19.6 13 4,840 1050 to 1400 Powdered, caked or slight
ly sintered

32 ■ 18.8 6 5,980 1050 to 1400 Sintered, fused
13 15.2 5 6,550 1040 to 1440 Powdered, caked or slight

ly sintered
4 16.9 6 6,100 1000 to 1450 Powdered

4 16.7 7 6,010 1000 to 1450 Powdered
23 to 31 15.5 9 5,990 1120 to 1300 Sintered

28 25.0 7.5 5,320 1400 to 1500 Sintered
45 23.5 33 2,510 1050 to 1500 Powdered
39 24.9 11 4,340 1080 to 1200 Powdered
60 14.1 53 1,650 1100 to 1500 Powdered
44 29.3 5.5 4,970 1150 to 1500 Sintered
40 34.2 10 4,180 over 1500 Slightly sintered
32 36.8 8 4,050 1375 to 1500 Powdered or slightly sin

tered
90 37.4 to 13.8 

(COs)m

15 2,720 * 1275 to 1500 Powdered

70 6.6 40 2,560 1000 to 1500 Powdered
70 5.5 50 2,030 1000 to 1500 Powdered
85.0 0.6 40 2,440 — Caked, loose
6.0 12.0 20 5,220 — Powdered

— — — 10,445 — —
— — — 10,110 — —
— 0.3 3 9,310 — —

0.3 3 9,170 — —

11-814
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content (see Table 10). Since deposits of peat are very wide
spread in the U.S.S.R., however, in some regions it is the basic 
local fuel. ■ ■

Fossil Coals. In accordance with their origin and geological 
age, fossil coals are divided into three main kinds: lignites, bi
tuminous coal and anthracite. Among solid fuels coal is the main 
fuel used in power plants.

Lignites. Lignites were formed from carbonized vegetative mat
ter under strata of earth. Depending on the conditions of their 
formation and their age, there are distinguished earthy lignites— 
the youngest ones and easily friable, pitch lignites — older and 
stronger, and lignites proper—the oldest lignites with a strong 
lumpy structure. Lignites are featured by the following: a high 
content of internal ballast (N° +  0°), a high yield of volatile 
matter, Vc >  40 per cent, a low caking tendency, a high sulphur 
content with Sc up to 6 per cent and a high moisture and ash 
content (Table 10). Lignites are very hygroscopic; when stored 
in open air, they often turn into slack.

The net heating value of young lignites is low, about 1,500 to 
2,500 kcal/kg; while that of old lignites reaches 4,400 kcal/kg.

Most lignites relate to nontransportable local fuel.
It should be noted that the thermal and chemical processing of 

lignites for the production of valuable types of resins is quite 
prospective.

Bituminous Coals. These coals were formed during the CarboniD 
erous geological period. They were formed mostly of ligneous 
plants which were carbonized for a long time under earth strata., 
In the U.S.S.R. approximately 80 per cent of all fossil coal is 
bituminous coal.

Bituminous coals vary to a great extent in respect to their com
position and properties. They include coals with a widely varying 
volatile content ranging from 9 to 50 per cent. The great major
ity of bituminous coals have high caking properties, and only coals 
with a very high (over 42 per cent) and a very low (under 15 per 
cent) volatile content are partly or completely noncaking.

Bituminous coals from the Donets coal field are classified ac
cording to their volatile content and coke properties (Table 11).

The following grades of coal are also encountered: CC—poorly 
agglomerating coal, nnM —by-product of wet concentration, and 
n n C —by-product of dry concentration.

The characteristic feature of bituminous coals is the high heat
ing value of the organic mass, which equals about Q° — 7,000 to 
8,000 kcal/kg. The ash and moisture contents are low, Ad =  5 to 
10 per cent, W  =  5 to 8 per cent, since black coals are not hy
groscopic (Table 8), Bituminous coals with a high ash content
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Table 11

Grade of coal Designation Volatile 
content, \[c Coke properties

Long-flame coal A over 42 Powdered or caked
Gas coal r 35 to 44 Sintered, fused, some

times swollen (loose) -
Steam coal (fat) n>K 26 to 35 Sintered, fused, dense 

or fairly dense
Coking coal K 18 to 26 Ditto
Steam coal (caking) nc 12 to 18 Sintered or fused from 

dense to fairly dense
Lean coal T below 17 Powdered or caked

(50 to 100 per cent higher than in normal grade coals) are fre
quently used in steam power plants. In this instance they are 
designated by adding the letters TIK denoting reduced quality.

Anthracites. Anthracites are the products of the next stage of bi
tuminous coal carbonization and are of a more ancient geological 
age. The principal deposits of anthracites in the U.S.S.R. are con
centrated in the Donets coal field and in the Urals. Anthracite 
includes coal with a volatile content ranging from 2 to 9 per cent. 
Anthracites are characterized by a compact structure and the larg
est specific weight among coals, they usually have a black metal 
luster and burn almost entirely without a flame.

The moisture content of anthracites Wr does not exceed 5 to 
7 per cent. High-grade anthracites have a low ash content in dry 
mass (not more than 12 per cent) resulting in a high net heating 
value Qr ranging from 5,000 to 6,500 kcal/kg.

Semianthracites are an intermediate group of fuels between bi
tuminous coals and anthracites. The volatile content of semi an
thracites Vc ranges from 5 to 10 per cent. They differ from anthra
cites by a higher heating value, Qc^> 8,350 kcal/kg and by being 
easier to pulverize.

Combustible Shales. The products of decay of animal and vege
tative micro-organisms at the bottom of water basins produce a 
silty substance called sapropel which upon mixing with mineral 
sediment becomes compact and transforms into combustible shales. 
In the U.S.S.R. the principal deposits of combustible shales 
are located in Estonia, Leningrad district, Middle-Volga region. 
Western and Eastern Siberia. Combustible shales have a very 
high ash content, Ad =  62 to 74 per cent, mineral carbon dioxide 
(C 02)m amounting to about 8 to 18 per cent being included

11*
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therein (see Table 10). Although the moisture content of shales is 
comparatively low, Wr =  11 to 20 per cent, due to the high ash 
content thefr heating value does not exceed 1,350 to 2,700 kcal/kg. 
Since shales have a very high volatile content Vc =  80 to 90 per 
cent, it is expedient to subject them to chemical processing in or
der to obtain valuable chemical products.

2. Liquid Fuels
Crude oil is the principal source of liquid fuels, although some

times they are obtained by the dry distillation of coals and com
bustible shales, and very rarely by synthesizing carbon with hy
drogen. The most probable hypothesis explaining the origin of oil 
assumes that it was formed from the products of decomposition 
mainly of animals and partly of vegetation at the bottom of for
mer seas and oceans.

Oil consists of a number of liquid hydrocarbons with a small 
admixture of oxygen, nitrogen and sulphur compounds. Depending 
upon the types of hydrocarbons involved, methane oils, naphthene 
oils, aromatic oils and their mixtures are distinguished. The ele
mentary composition of typical oil products, in per cent by weight, 
is given in Table 10.

The initial refining of petroleum is performed by distilling it 
into fractions by gradually heating it in tubular batteries to 
higher and higher temperatures. Upon heating petroleum up to 
200 deg C gasoline fractions evaporate. Between 200 and 
300 deg C ligroin and kerosene are separated. Finally, at temper
atures from 300 to 380 deg C solar oils evaporate. The product 
remaining after such a distilling process is known as fuel oil.

Naphthene fuel oil is used in the production of lubricants, while 
the other types of fuel oil are burned in boiler furnaces or used 
for further refining into heavy engine fuels. The fuel oil has a high 
heating value, QLr =  10,000 to 10,200 kcal/kg. Paraffin fuel oils 
with a solidification point up to +20° C must be heated to from 
45 to 110° C before being fed into the furnace.

The oil-cracking process invented by the great Russian scien
tist D. I. Mendeleyev and developed by V. G. Shukhov is widely 
used at present. This method permits to produce considerable ad
ditional quantities of gasoline. The cracking process consists in 
splitting the heavy hydrocarbon molecules with the formation of 
lighter hydrocarbons under the influence for a long period of high 
temperatures, pressures, and, sometimes, catalysts.

After being distilled and cracked the oil products are purified 
of pitch, sulphuric, oxygen and nitrogen compounds. Then they 
are divided into separate grades with smaller boiling point limits.



KINDS OF FUELS AND PROCESSING THEREOF 165

Oil fuels for internal-combustion engines are divided into light 
and heavy ones. The light fuel group comprises gasoline, ligroin 
and kerosene which are distinguished by their easy evaporation 
at ambient temperatures or when slightly heated (Table 12). 
Heavy fuels include fuels of a distillate origin, i.e., solar oil and 
diesel oil, consisting of heavy kerosene and light solar oil frac
tions; heavy fuels also include residual or engine fuels (grades 
M-3, M-4 and M-5) which are prepared by mixing fuel oil with 
solar fractions. It is necessary to preheat the heavier fuels up to 
from 40 to 70 deg C before employing them.

Table 12

Properties
Gasoline

aviation E-70 automobile
E-60

(tractor)

Octane number, at f e a s t ................... 70 60 40
Specific w e i g h t ..................................

Fractional composition:
0.745 to 0.755 0.820 to 0.826

Commencement of boiling, deg C . . 
10 per cent evaporates at a tempera-

45 to 75 — —

ture not over . ...............................
50 per cent evaporates at a tempera-

75 79 200

ture not over . ...............................
90 per cent evaporates at a tempera-

115 140 —

ture not o v e r ..................................
Temperature of completion of boiling,

150 190 (80%) 270

not o v e r ...................................... ...
Water-soluble acids, alkalis, mechan

ical admixtures and water . . . .

200

absent

(98%) 300

Knock resistance is a specific property of the light fuels used 
in internal-combustion engines. Knock or detonation is an explo
sive combustion which appears when the air-fuel mixture com
pression ratio in the engine cylinders is too high. In this instance 
the velocity of flame propagation increases from 25-30 to 
2,500 m/sec. Knock is accompanied by a sharp metal noise (knock
ing), incomplete combustion, loss in engine power and may even 
cause damage to the engine parts.

Knock resistance is characterized by the octane number. The 
octane number for a given fuel is determined by taking a mix
ture of isooctane (CsHia) which has the lowest liability to detona
tion, and heptane (C7H16) which detonates very intensively, and
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then testing the mixture in different proportions with the fuel 
being investigated in engines.

The octanie number of the fuel being investigated is equal to 
the percentage of isooctane in the isooctane and heptane mixture 
at which both fuels have the same detonation. The higher the 
octane number of the fuel, the higher its knock resistance.

The octane number of light fuels can be increased by adding 
antiknock compounds to them, usually metalloorganic compounds, 
for example, tetraethyl lead Pb(C2H5)4 in small quantities.

Table 13

Fuel parameters Diesel Solar
Engine fuel Fuel 

oil 20, 
boiler 

furnace 
fuel

fuel oil
M -3 M-4 M -5

Fractions evaporating up 
to 300 deg C, per cent, 
at least .............................. 50

Fractions evaporating up 
to 350 deg C, per cent, 
at least ............................... 85

Brenken flash point, at least — 125 — — — 80
Solidification point, not 

o v e r .................................. — 10 —20 —5 —5 + 5 T -5
Engler viscosity at 20 deg C 1.4 to 1.7 — — — — —
Ditto at 50 deg C . . .  . — 1.2 to 1.75 5 7.5 9.0 2.5 to 5

Coke number, max . . . . 0.1 3.0 3.5 4.0
(80 deg C)

Sulphur content, per cent, 
not over ........................... 0.2 0.2 0.5 0.5 0.5 3

Mechanical admixturesrper 
cent, not o v e r................... 0 0 0.1 0.1 0.1 0.3

Water content, per cent, not 
o v e r .................................. 0 traces 1 2 2 2

Acids and a lk a lis ............... absent

The viscosity and the solidification point (Table 13) are the 
main characteristics of the heavy fuel oils used in boilers. Fuels 
with a high viscosity do not ensure faultless operation of the fuel- 
feed equipment nor the required degree of fuel atomization. The 
fuel oil viscosity is expressed in centistokes (one centistoke is 
equal to 10~6 m2/sec) or in conventional units called Engler de
grees. The latter is the ratio of the time required for 200 ml of the 
fuel being tested to flow out of a special apparatus at a standard
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temperature of 20, 50 or 100 deg C to the time required for the 
outflow of 200 ml of water at a temperature of 20 deg C.

The solidification point is the temperature at which a fuel gets 
solidified to such an extent that when a test tube with the fuel is 
inclined at an angle of 45 deg its surface does not become hori
zontal during 60 seconds.

The tendency of heavy fuels to form carbon deposit is determined 
by the coke number, i.e., bv the percentage by weight of the 
coke which is formed when the fuel is heated in a special appa
ratus without the access of air.

Liquid fuels are also characterized by their flash points and 
ignition points. The flash point is the temperature at which the 
vapours of the fuel form with the ambient air a mixture that 
flashes when a flame is brought near it. When liquid fuel is heat
ed under standard conditions to the ignition point it ignites when 
a flame is brought near it, and burns for at least 5 seconds.

The liquid products of bituminous coal processing, for instance, 
benzene (C6H6), as well as the light and heavy oils obtained from 
lignites, are sometimes used as fuels for internal-combustion 
engines. In countries having no petroleum deposits, synthetic 
liquid fuels are produced by the catalytic synthesis of carbon and 
hydrogen under high pressures and temperatures. Synthetic fuels, 
however, are much more expensive than petroleum products.

3. Gaseous Fuels
Gaseous fuels consist of a mixture of combustible carbon and 

hydrogen compounds, and noncombustible gases (Table 14). Nat
ural gases are produced both from pure gas deposits and from 
petroleum fields (oil gas). The synthetic gaseous fuels are listed 
in Chapter I, paragraph 1 of this section. During recent years the 
production of natural gas in the U.S.S.R. has developed at an 
unprecedented, constantly increasing, rate. At the same time the 
production of synthetic gases is increasing, along with the inter
connection and integration of high-capacity long-distance gas 
pipelines.

Gaseous fuels have many considerable advantages over solid 
fuels. Gas is easily transported in pipelines and it can be conven
iently distributed among separate dispersed consumers. Gas can 
be burned with a high efficiency even in the smallest installa
tions. Upon burning it does not leave any solid residue in the 
form of ash and slag, soot and carbon deposit. Gas does not con
taminate surrounding areas with fuel dust and products of incom
plete combustion. The consumption of gas products can be easily 
controlled depending upon the load, thus permitting to introduce
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complete automation of combustion processes. Gases have another 
valuable feature, namely, the absence of a lighting period. Fi
nally, natural gas is the cheapest fuel. The cost of gas production 
is 6.6 times less than that of extracting the equivalent in heating 
value amount of coal and 2.6 times less than the cost of produc
ing the equivalent amount of petroleum.

Natural gas consists mainly of hydrocarbons, chiefly of methane 
(CH4), with small admixtures of carbon dioxide, nitrogen and 
hydrogen sulphide. Natural gas contains about 80 to 97 per cent 
of methane,, while oil gas contains from 40 to 60 per cent. Oil 
gas, however, contains in considerable quantities heavier hydro
carbons with a higher heating value, namely, ethane (C2H6), pro
pane (C3H8), butane (C4H10), and others (see Table 14). That is 
why the lower heating value of natural gases (Ql) ranges from 
7,000 to 8,500 kilocalories per standard cubic metre, while that 
of oil gas reaches 15,000 kcal/st m3.

The geological history of natural gas is similar to that of petro
leum. Natural gas is extracted by drilling wells about 3 to 4 km 
deep through which it rises from the interior of the earth, where 
it is found in porous gas-bearing strata, usually at rather high 
pressures ranging from 30 to 200 atm and sometimes up to 
700 atm. Before admitting the gas into the pipelines its moisture 
content is reduced to from 6 to 10 g/st m3 by passing it through 
solid or liquid moisture absorbents.

Natural gas is transported over long distances through steel pipe
lines under the pressure at which it rises from the gas-bearing 
strata, or by creating high pressures (50 to 55 atm) at interme
diate compressor plants installed at intervals from 150 to 200 km. 
To reduce the influence of temperature fluctuations and to prevent 
damage, pipelines are buried at a depth of from 0.8 to 1.5 m. For 
detection of leaks gases are odorized by adding minute quanti
ties (16 to 20 mg/stm3) of harmless combustible substances with 
a strong odour, usually ethylmercaptan (C2H5SH).

In the process of petroleum extraction oil gas is collected into 
special containers (traps) whence it is directed first for purifi
cation and separation from unstable easily condensable compo
nents, and then into the gas mains.

Producer Gas. Gas-generating installations consist of a gas pro
ducer and cooling-purifying units. The process of dry distillation 
followed by the complete conversion of the carbon into producer 
gas through its partial oxidation is carried out at high temper a - 
lures in gas producers. Only noncombustible ash and slag remain 
after the fuel gasification process.

A gas producer (Fig. 73) comprises a high chamber or shaft 
6, usually of a round form, with charging device 1 on top. At



/

Fig. 73. Gas producer with rotary pan
/  —cap-and-cone charging hopper; 2 — air Inlet tube; 3 — chamber for maintaining fuel level 
and precipitating dust; 4 — water supply to evaporating and cooling jackets; 5 - c a m  drive of 
pan; 6 —Internal casing of shaft; 7 — water jacket; 3 —rotary pan; 9 —worm gear to pan; 
10 — supporting rollers of pan; 77 —delivery of steam-and-alr mixture; 72 —delivery of secondary 
air; 13 — adjustable plough for automatic slag discharging; 14 — overflow tube; 75 —producer 

gas outlet; 75 —stepped cone grate
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the bottom a grate is provided to support the fuel bed and to en
sure air distribution. In small producers the grate is stationary, 
while in large ones rotary conical types (16) are used.

The fuel bed in an operating gas producer may be divided into 
three zones, depending on the heating rate. In the upper zone the 
fuel is dried by the ascending stream of hot gases. Under it, in 
the zone of dry distillation, gases, vapours of acids, tars and bases, 
as well as coke, are formed. In the third zone of active coke gasi
fication chemical exothermic reactions of complete and incomplete 
carbon combustion take place:

C +  0 2 =  C 02 + 97,650 kcal/mole; (3-12)
2CH -02 =  2CO + 58,660 kcal/mole. (3-13)

As a result of these reactions, very high temperatures ranging 
from about 1200 to 1500 deg C are developed in the active zone.

If high-grade fuels are used, a limited amount of steam is fed 
in together with the air, which at high temperatures participates 
in endothermic reactions:

C +  H20  =  C0 + H 2 — 28,380 kcal/mole; (3-14) 
C +  2H20  =  C 02 +  2H2— 17,970 kcal/mole. (3-15)

The first reaction, which is more desirable since it yields two 
combustible components, takes place at higher temperatures and 
requires less steam. Excess steam sharply reduces the tempera
ture in the active zone, which results in an increase of the no.n- 
combustible carbon dioxide (C02) content in the producer gas. 
The carbon dioxide flows upward where there is no more 'oxygen 
left, but where there still exists a rather high temperature, and 
enters into a reduction reaction

C02-l-C < i2C 0 ±  38,790 kcal/mole. (3-16)

This is a reversible reaction which at high temperatures rang
ing from about 900 to 1100 deg C and higher forms the combus
tible component (carbon monoxide).

The amount and velocity of the air, as w.elLas _the_sieam addi- 
t ion fed in. are the main factors determining the thermal. condi- 
tions in the gasification zone.

Besides the above-mentioned basic reactions auxiliary reactions, 
such as methane formation and others, also take place. It is good 
practice to install behind the gas producer spray scrubbers with 
layers of lump coke forming a high packing used for cooling the 
gas and cleaning it from dust and tar admixtures. Final purifica
tion of the gas of tar substances and water droplets is performed 
in dry filters containing wood chips, sawdust or wood blocks.
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The efficiency of gasification, showing the ratio of the heating 
value of the-gas produced to that of the gasified fuel, is expressed 
by the following formula:

\
Q'l

(3-17)

f /. 0 to-JZi-:
where Vg =  yield of gas per kg of fuel; (for anthracites Vg =  4 

to 4.5 st m3/kg and for low-grade fuels Vg = 1.8 to 
2.2 st m3/kg);

Ql =  lower heating value of producer gas, kcal/st m3;
Q2 =  .lower heating value of the as-received mass of the 

gasified fuel, kcal/kg.
The efficiency of gasification varies from 68 to 75 per cent in 

small installations and reaches 85 per cent in lacge. mechanized 
gas producers.

Mixed or power gas is produced by adding some water vapour 
to the air flowing into the active zone of the gas producer. If only 
air is fed in the resulting air gas has a somewhat decreased heat
ing value and an increased temperature.

Gas producers can also be used for producing water gas of a' 
high heating value. In this case air and steam are introduced al-i 
ternatively into the gas producer which is equipped with special' 
switching devices. During the period of intensive air delivery very) 
high temperatures develop in the active zone, then during a short 
period (several minutes) only steam is admitted and as a result 
water gas consisting mainly of carbon monoxide and hydrogen 
is produced. This process is accompanied by a temperature drop; 
in the active zone, and an air blast is employed again to raise 
the temperature.

Water gas has a comparatively high heating value, QL, about 
2,400 to 2,700 kcal/st m3. Due1' to its low yield and high cost, 
however, w^ter gas is used only in special chemical-processing 
enterprisesV M . >

In gas producer installations operating in the vicinity of enter
prises haying commercial oxygen as a by-product, it would be 
promising to use a steam-oxygen blast under a pressure of about i 
20 ata. The steam-oxygen producer gas contains less jpjrogen and 
carbon dioxide than the mixed gas does, and has therefore a higher 
heating value, ranging from about 2,200 to 2,500 kcal/st m3. „ 

Utilizing Mendeleyev’s idea, the underground gasification 
of coal in the Donets field was undertaken in 1930 and later in 
the Moscow district lignite field for the first time ip the world. In 
this method two parallel galleries following the pitch of the coal 
sveam are mined and connected by a horizontal heading in which
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a fire is started. The air required for the gasification process is 
blown into the shaft through a special shaft. The gas flows out 
through another shaft. As the gasification of the coal seam 
progresses the waste rock caves in.

Underground gas has a somewhat lower heating value, which 
is equal to about 1,000 kcal/st m3 (see Table 14). But due to the 
fact that this method of gasification eliminates the high coal minv 
ing expenses underground gas has a low cost.

Blast Furnace Gas. This gas is produced when burning coke' 
in the hearth of a blast furnace at a rate of about 4,000 st cu m 
per ton of coke. The thermochemical processes occurring in blast 
furnaces are similar to those in gas producers. In blast furnaces, 
however, these processes proceed in the direction of receiving the 
maximum amount of high-temperature heat necessary for smelting 
the metal. That is why the blast furnace gas has a low heating 
value, about 900 kcal/st m3.

Approximately 15 to 30 per cent of the blast furnace gas is 
consumed by the metallurgical plant itself, the remaining part of 
the gas is used in industrial furnace boilers and internal-combus
tion engines.

Liquid Hydrocarbon Gas. A liquid gas is a mixture of liquid 
hydrocarbons that is in a liquid state at normal temperatures 
and comparatively low pressures. A butane-propane mixture con
sisting of 31 per cent of butane (C4Hi0), 58 per cent of propane 
(C3H8) and small quantities of ethane (C2H6) and propylene 
(C3H6) may receive wide application in the future. At pressures 
ranging from about 8 to 12 ata this mixture condenses into a 
highly volatile liquid. The heating value of this mixture is very 
high, Ql  =  22,500 kcal/st m3.
'Liquid hydrocarbon gas is produced from natural gas, oil gas 

and products of cracking and pyrolysis, as well as from the prod
ucts of hydrogenation of solid and liquid fuels. The butane-pro- 
pane mixture is transported in tank cars, as any other liquid. 
For delivery to individual consumers the butane-propane mixture 
is poured into cylinders.

4. Processing of Solid Fuels
Solid fuels are processed and concentrated mechanically and 

thermally. The most important methods are: washing and screen
ing of strong lump coals, briquetting of fine coals, pulverization, 
dry distillation and gasification.

Briquetting is performed to transform fine and friable fuels 
(lignites, peats, wastes) into a strong lump fuel convenient for 
transportation and suitable for combustion in small furnaces. Prior



174 FUEL

to briquetting wet fuel is dried until its moisture content is lowered 
to from 15 to 18 per cent and then ground into particles not 
over 7 mm in size and, finally, pressed into small blocks or bri
quettes in special presses.

Cold briquetting requires very high pressures, i.e., from 1,000 to 
1,200 atm. If the mass being processed is heated up to from 300 
to 400 deg C without the access of air it can be pressed at com
paratively low pressures, i.e., 300 to 400 atm.

Due to preliminary drying of the fuel, briquettes have an in
creased heating value.

Pulverized Fuel. To accelerate and improve the combustion of 
solid fuels in medium and large heat power installations they are 
pulverized to dust, the size of the fuel particles being up to 
350 p, with a prevailing size of 20 to 25 p. Pulverized solid 
fuel burns with a high efficiency due to the fact that its particles 
burn while they flow in the form of air dust.

Before pulverization the fuel is ground in a crusher to a size 
of 10 to 25 mm. If the fuel has a high moisture content, it is pre
liminarily dried to Wr = 15 to 23 per cent in special tube driers 
with a mixture of hot combustion products and air at a tempera
ture of 600 to 700 deg C. Before charging the coal into the high
speed mills, a magnetic separator removes the tramp iron mixed 
in it so to prevent any damage to the mill.

Coal is pulverized either in hammer mills or drum ball mills. 
In hammer mills, having a capacity of 2.5 to 5 tons per hour of 
grade T coal, the fuel is milled under the blows of steel beaters 
rigidly fitted onto rotor 5 (Fig. 74) which revolves at 1,450 rpm. 
The pulverizing installation also includes dust separator 6 return
ing the oversize particles into the mill by changing the direction 
and velocity of the coal dust, a fan for transporting the pulverized 
fuel from the mill to the furnace, magnetic separator 3 and rotary 
table feeder 2. Hot air is blown into the mill for drying and trans
porting the pulverized coal.

The distinguishing features of hammer mills are their compact
ness and relatively low power consumption (about 15 kw-hr per 
ton of pulverized coal), but their beaters wear out in a very short 
period. That is why this type of mills is employed only to pul
verize comparatively soft coals.

A drum ball mill comprises a drum revolving at 18 to 25 rpm 
(Fig. 75b), 20 to 35 per cent of its volume being filled with steel 
balls from 30 to 60 mm in diameter. As the drum revolves the 
balls rise somewhat and then fall on the coal pieces and crush 
them. Coal and hot air are delivered along the axis of the drum 
through one of the ends. The stream of hot air picks up the coal 
dust and carries it out through the opposite end of the drum to
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the separator, whence it enters either the dust collecting hopper 
or flows directly to the furnace burners. The drum is driven by 
an electric motor through a reduction gear and gear 6 secured on 
the drum.

Fig. 75a shows an independent dust-preparing system with an 
intermediate hopper. After passing through the separator the coal- 
air mixture tangentially enters the cylinder of cyclone 6, in which

Fig. 74. Hammer mill with output of 2.5 t/hr
a —elevation; b —rotor with beaters; / — delivery of fuel; 2 — table feeder; 3 — magnetic sepa

rator; 4 — delivery of hot alrj 5 —rotor of mill; 6 — dust separator

under the action of centrifugal forces about 90 per cent of the 
coal dust precipitates and flows into intermediate hopper 9. The 
air with a small content of coal dust is supplied by fan 11 to 
combustion chamber 13, together with the main stream of pulver
ized fuel which is delivered from intermediate hopper 9 by means 
of worm feeder 10.

Drum ball mills have an increased power consumption rang
ing from 25 to 30 kw-hr per ton of pulverized fuel.

Fuels with an increased volatile content do not require very 
fine milling, and simplified shaft pulverizing units are used to
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process them. In these installations the fuel after passing over a 
scale and along a feeder is supplied to a shaft which is at least 
4 metres high, with a hammer mill installed in its lower part. The 
hammers of this mill are hinged to a rotor having a speed of 
730 to 960 rpm (Fig. 76a). Hot air is supplied to the mill for 
drying the fuel and transporting the dust. The latter is carried

Fig. 75. Pulverizing fuel in drum ball mills
a  — system of Individual coal pulverizing with an Intermediate hopper: /- raw-coal  bln;
.2 —automatic scale; 3 — raw-coal feeder; 4 — ball mill; 5 —dust separator In closed cycle 
with ball mill; 6 — cyclone; 7 and 8 — worm feeders; 9 — Intermediate dust hopper; b j — worm 
feeder of dust; 77 —fan; 12 — burner; 73 — combustion chamber; 14 — hot air duct; b — drum ball 
mill: 7 —sheathing; 2 — sound absorbing and heat Insulating material; 3 — mill casing; 
4 —asbestos lining; 5 —armour; 6 — large driving gear; 7 —bearing; 8 — balls; 9 — small driving

gear

away into the shaft, where under the action of gravitational forces 
the particles exceeding 0.2 to 0.3 mm in size drop out.

Shaft pulverizing units with capacities from 2 to 20 t/hr and 
higher have been introduced to a considerable extent due to their 
simple design and relatively low power consumption (they require 
2 to 3 times less power than ball mills). Shaft pulverizing units 
are employed for processing lignites, mill peat, shales and bitu
minous coals with a volatile content Vc over 30 per cent.

The quality of grinding, i.e., the fineness of the fuel dust, is 
determined by the quantity of material remaining after the dust 
samples have been screened through various mesh sieves.
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To characterize the dust fineness it is sufficient to know the re
mainder on an 88-p, mesh sieve. The quantity of this remainder, 
in per cent by weight (R»»), is specified when the fuel is ground 
in accordance with the volatile content of the fuel, the higher the 
volatile content, the coarser the grinding of the fuel and, conse
quently, the higher the Rag value.

Dry Distillation of Solid Fuels. The process of dry distillation 
(also known as destructive distillation) consists in high-tempera
ture heating of fuels without the access of air. When this goes on

Fig. 76. Shaft pulverizer
a  — preparation of dust and delivery Into furnace: 7 —raw-coal bln; 2 —automatic scale; 
J  — raw-coal feeder; 4—charging pipe; 5 —shaft precipitator; 6 — shaft mill; 7 — upper second

ary air Inlet; 8 — lower secondary air Inlet; 9 — hot air duct; b — shaft mill

gaseous products and vapours of water, tars, acids and bases are 
evolved, leaving coke of a varying quality, depending upon the 
initial fuel, as a remainder. The dry distillation process has two 
modifications: semicoking, or low-temperature carbonization, and 
coking.

Semicoking, or low-temperature carbonization, is performed in 
ovens with external or internal heating at comparatively low tem
peratures, not over 550 deg C. Primary tar is the main product 
of the semicoking process, and combustible gases with semicoke 
are its by-products.

The yield of semicoking products depends on the type and qual
ity of the raw materials and on the temperature at which the 
process is carried on. Fuels with a higher volatile content yield 
more primary tars, for instance, fat coals yield about 11 to 13 per

12-814
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cent of tar (related to the combustible mass), and shales about 
20 to 27 per cent. The processing of primary tars gives liquid 
fuels, lubricants and many other valuable products.

The yield of combustible gases in the semicoking process is 
comparatively low, about 15 to 28 per cent of the fuel dry mass. 
It Should be noted, however, that this gas has a rather high heat
ing value, of about 3,000 to 4,000 kcal/st m3.

Semicoke contains a considerable amount of volatile matter 
(about 10 to 15 per cent) and is of low strength. For this reason 
it is unfit for metallurgical use and long-distance transportation. 
Semicoke, as a rule, is used on the spot for heating stoves and in 
boilers and gas producers.

Coking of coals is used to obtain a strong porous metallurgical 
coke. It is common practice in coking to mix grade K bituminous 
coal with other grades having similar caking properties.

A coke oven is a battery of narrow and high chambers filled 
with fuel and heated through the walls by burning part of the coke 
oven gas. The coal is heated to about 1100 degC. At this temper
ature products of thermal decomposition are evolved from the 
coal; after the recovery of benzene and tars these products are 
used as a coke oven gas with a heating value QL ranging from 
3,500 to 4,500 kcal/st m3. The yield of coke oven gas per ton of 
coke is about 300 standard cubic metres.

About 40 to 50 per cent of this gas is used for heating the coke 
ovens while the remaining part is supplied to gas mains.

Coal tar is a valuable by-product of the coking process, and it 
is used as the raw material in a number of branches of the chemi
cal engineering industry.



Sect ion Four

BOILER INSTALLATIONS

C h a p t e r  I
GENERAL INFORMATION ON BOILER INSTALLATIONS

1. Classification of Boiler Installations
A boiler installation is an arrangement in which steam is gener

ated or water is heated, both the steam and hot water being 
employed outside the boiler as heat-carrying mediums.

Boiler installations are classified on the basis of their applica
tion, capacity and the parameters of the steam generated or the 
water heated in them.

In respect to their application boiler installations are divided 
into electric power plant, industrial, central heating and combined 
power and heating boilers.

Boiler installations used in power plants are mainly designed 
to produce steam having high parameters for the performance of 
mechanical work. In these installations electric generators con
vert the mechanical work into electric power, while the low-pres
sure exhaust steam is condensed and returned to the boiler instal
lation as feedwater, or used in district heating systems.

Industrial boiler installations are commonly used to produce 
steam of low pressure and only slightly superheated that is used 
in processing systems, i.e., for heating, evaporating and drying 
various materials, and for other needs.

Heating boiler installations are designed to produce low-pres
sure saturated steam or hot water, usually employed only in the 
central heating and air conditioning systems of residential and 
industrial buildings. For a description and the parameters of boiler 
installations of this kind see special manuals on heating and air 
conditioning.

12*
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This section is devoted to boiler installations of the power plant 
and industrial types.

According to the pressure of the generated steam industrial and 
power boiler installations are classified into /omi-pressure units, 
from 8 to 16 atm gauge; medium-pressure, from 22 to 39 atm 
gauge; /u'gA-pressure, from 60 to 140 atm gauge; superhigh-pres- 
sure, from 150 to 220 atm gauge; and supercritical units, above 
230 atm gauge.

For the classification of boiler installations in respect to rating 
see Chapter VI (page 241).

The main component of a boiler installation designed to gen
erate steam is the boiler unit, the frame of which unites all the 
equipment required for this purpose.

In addition to boiler units, modern boiler installations incorpo
rate auxiliary structures and equipment designed to convey and 
prepare the fuel and water, blower and exhauster equipment em
ployed for moving air and the products of fuel combustion, instru
ments, controls, etc.

2. General Information on Boiler Units
A modern boiler unit consists of a steam generator usually 

called a steam boiler, a superheater, a water economizer, an air 
heater, a furnace or furnace devices, a setting, a frame, etc.

Furnaces are designed for the burning of fuel. Usually the pro
cess of burning fuel in the furnace of a steam boiler is accompanied 
by the simultaneous removal of heat, and for this purpose part 
of the boiler heating surface is arranged inside the furnace. In most 
boiler units the furnace walls are covered with tubes forming the 
so-called waterwalls or radiant heating surfaces. Under the in
fluence of the heat radiated from the flame the water circulating 
inside the waterwall tubes gets heated and boils, forming steam.

In addition to the waterwalls steam is generated in convective 
heating surfaces arranged in the furnace and in the following 
flue passes of the boiler unit. In modern steam boilers the con
vective heating surfaces, similar to the radiant heating ones, are 
built up of tubes.

Superheaters are heating surfaces formed by tube coils in which 
the steam generated in the waterwall and convective heating sur
faces of the boiler unit is dried and superheated. Superheaters are 
usually installed either in the first or the second pass of the boiler 
units.

Water economizers are heating surfaces made up of steel or iron 
tubes designed for heating the feedwater. Economizers are arranged 
in the next to the last or the last pass of boiler units. The pro-
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vision of an economizer permits to lower the temperature of the 
flue gases leaving the unit and thereby raise the efficiency of 
steam-generating units.

Air heaters are designed to heat the air delivered to the furnace 
for fuel combustion. Air preheating intensifies the processes of 
fuel combustion, and due to the rise in temperature of the com
bustion products increases the transfer of heat from the gases to 
the screening heating surfaces. The majority of air heaters are 
made of thin-wall steel tubes inside of which the products of com
bustion flow, and outside—the air. Air heaters are installed in 
the last passes of boiler units.

Boiler fittings include the valves and cocks of all types used in 
the steam and feedwater pipes of boilers. Besides, boiler fittings 
include water level gauges, water-gauge cocks and the various 
instruments and devices designed for automatic control of fuel, 
water and steam supply. The employment of these instruments 
increases the reliability of boiler-unit operation.

The setting of boiler units is made of brick or special ceramic 
plates, forms the walls of the furnace and gas flues and also serves 
as heat insulation. The inner part of the setting is made of 
refractory materials.

The setting is secured in place with the aid of a binding frame 
made of steel section beams. In addition to this frame, there is 
another supporting frame to which all the metal structures of the 
unit are fastened and which transmits the weight of the boiler 
unit to the foundation.



C h a p t e r  II 
COMBUSTION PROCESSES

1. Combustion of Fuels and Ignition Temperature
By the process of fuel combustion in the furnaces of boiler units 

is meant an active oxidizing process that goes on with an intensive 
release of heat at high temperatures.

The ignition temperature (inflammation point) is an important 
characteristic that must be known for organizing the combustion 
of different kinds of fuel. The mean ignition temperatures of a 
number of fuels are given in Table 15.

Table 15

Wood, peat 
and brown 

coal 
(lignite)

Bituminous
coal

Anthracite, 
lean coals Hydrogen Carbon

oxide

Ignition tempera
ture, deg C . . 250 to 450 350 to 550 650 to 800 600 650

The combustion of fuel is accompanied by complicated chemical 
processes of converting the combustible constituents of the fuel 
into oxides. For purposes of simplification in this textbook we 
shall consider only the final results of the reactions of carbon, 

.sulphur, hydrogen and methane oxidation.
v Combustion of Carbon. Depending on how the process of com
bustion is organized, carbon when burned may either directly form 
carbon dioxide (C02) or first carbon monoxide (CO) and then C02.

In the equations that follow one kilogram and respectively one 
kilogram-molecule (mole) have been taken as unit weights.

Reaction of oxidizing carbon into carbon dioxide C02 (4-1)
C +  0 2 =  C 02 In this reaction 8,050 kcal of
12 kg C +  32 kg 0 2 =  44 kg C 02 heat are evolved per kg of
1 mole C -f- 1 m ole02 =  l mole carbon burned.

C02
'The specific weight of C02 

Tco-  1-977 kg/st m’
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Reaction of oxidizing carbon into carbon monoxide CO (4-2)
2C +  0 2 =  2CO
24 kg C +  32 kg 0 2 =  56 kg CO 
2 moles C + l  mole 0 2 =  2 

moles C02 
The specific weight of CO 

*fco =  1-25 kg/st m3

In this reaction 2,370 kcal of 
heat are evolved per kg of 
carbon burned, i.e., 3.4 times 
less than w henC02 is formed.

Reaction of oxidizing CO into CO2 (4-3)
2CO +  0 2 =  2C02 In this reaction 2,430 kcal per
56 kg CO-)-32 kg 0 2 =  88 kgC02 kg or 3,050 kcal of heat per
2 moles C O + 1  mole 0 2 =  cu m of carbon monoxide

=  2 moles C02 burned are evolved.

Combustion of Sulphur, Hydrogen and Methane
Reaction of oxidizing sulphur into sulphur dioxide S02 (4-4)

5 +  0 2 =  S02 In this reaction 2,160 kcal of
32 kg S-)-32 kg 0 2=l*4 kg S02 heat is evolved per kg of:
6  moles S +  1 mole 0 2 =  1 mole sulphur burned. 

s ° 2 .. .
The specific weight of S 02 f  - «.

Tso, — 2-927 kg/st m3

Reaction of oxidizing hydrogel
2H2 --(— 0 2 =  2H20  
4 kg H2 +  32 kg 0 2 =  36 kg H20  
2 moles H2- |- l  mole 0 2 =

=  2 moles H20  
The specific weight of water 

vapour yh o =  0.804 kg/st m3

Reaction of oxidizing methane

CH4 +  202 =  C02 +  2H20  
16 kg CH4-)-64 kg 0 2 =

=  44 kg C02 -J- 36 kg H20  
1 mole CH4-|-2  moles 0 2 =

=  1 mole C02 +  2 moles H20  
The specific weight of methane 

T c h 4 =  0 - 7 2  k f ? / s t  m 3 ‘

The specific weight of oxygen 
10j =  1.429 kg/st m3.

into water vapour H20  (4-5)
In this reaction 33,920 kcal or 

28,560 kcal of heat is evolved, 
per kg of hydrogen burned, 
departing respectively from 
the high or the low heating 
value.

into C02 and H20  (4-6)

In this reaction 13,400 or 12,060-' 
kcal of heat is evolved per 
kg of methane burned, depart
ing respectively from the 
high or low heating value.
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2. Air Required for Combustion
The minifnum amount of air required theoretically for the com

plete combustion of one weight unit of fuel is calculated on the 
basis of the stechiometric ratios of the combustion reactions and 
the weight fractions of carbon, hydrogen, sulphur and oxygen in 
the coal or fuel oil being burned.

8/3Cr -f- 8 Hr -(- Sror+p Or
1.429 X  0.21 X  100 —

=  0.0889 (Cr +  0.375Sror+P) +  0.265Hr — 0.0330r st m* 3/kg, (4-7)
where 1,429 =  specific weight of oxygen, kg/st m3;

0.21 =  the volume fraction of oxygen in air;
Cr, Hr, Sor+p'Or=  the weight fractions of carbon, hydrogen, sulphur 

and oxygen in the fuel, per cent.
The theoretical volume of air required to ensure complete com

bustion is several thousand times greater than that of the coal, 
and, therefore, it is very difficult to ensure the uniform supply of 
air to the individual molecules of solid fuels. To ensure optimal 
combustion of fuel more air is supplied to the furnace than theo
retically required.

3. Excess-air Coefficient *
The excess-air coefficient a denotes the ratio of the actual 

amount of air introduced into a furnace Va to the amount theo
retically required V°:

« = w -  (4 * * *-8)
The optimum excess-air coefficient for a furnace depends on the 

kind of fuel, mode of firing, admissible heat losses, incomplete 
combustion of the fuel, etc. (see Chapter III). The excess-air 
coefficient varies within a wide range, from 1.05 to 1.5, depending 
on the type of furnace, kind of fuel and manner of firing the fuel.

4. Volumes of Combustion Products Calculated from the Elemen
tary Composition of Fuel

The products of complete combustion of fuel are identified as a
mixture of gases consisting of carbon dioxide, sulphur dioxide, 
water vapour, and of the oxygen and nitrogen of the air that were
not used in the process of combustion. This mixture is expressed 
in per cent by volume:

C 02 +  S02 +  H20  +  N2 +  02=  100 per cent (4-9)
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or in standard cubic metres per kilogram of solid or liquid fuel 
burned:

Vcp — 1/co, l ŝoj +  1̂ h2o +  V'nj +■ Voa st m3/kg. (4-10)

Upon incomplete combustion of fuel, in addition to the compo
nents listed above, the products of combustion may contain carbon 
monoxide, hydrogen, methane and other combustible gases.

To facilitate further calculations the volume of the products of 
complete combustion is conventionally divided into the volume of 
water vapours, dry triatomic and diatomic gases:

VCp =  Vhj0 +  Vr0j +  VRj st m3/kg, (4-11>
where

V r o 3 —— Vc o a ~i-  Vso3 and 1/r2=  Un2 +  V̂Oj-

The volume of the diatomic gases is also represented as the sum 
of the theoretical volume of nitrogen, the amount of which remains 
unchanged in the course of combustion, and the volume of the 
excess air.

In this case the theoretical volume of nitrogen Vn2 is found by 
the formula

V/ NJ =  0.79V°H-0.008Nr stm 3/kg; (4-12)

the volume of air exceeding the theoretically required quantity is 
determined by the formula

A l/=  (a— 1) V0 st m3/kg, (4-13)

and then the volume of the diatomic gases is found from the 
following expression:

Vr2=  Un, +  AU st m3/kg. (4-14)

Volume of Carbon Dioxide. Complete combustion of 1 kilogram 
of carbon yields the following amount of carbon dioxide C02:

12x f .977 stm3/k6 of carbon,

where 44 and 12 =  weights of kilogram-moles of C02 and C from 
the reactions of combustion;

1.977 =  specific weight of C02, kg/'st m3.
From the foregoing it follows that it takes

1 : 12X1-977 =0-54 kg

of carbon to form 1 st cu m of carbon dioxide C 02.
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If there is kg of carbon in the fuel the rated volume of car
bon dioxideper kilogram of fuel burned will be

Vc°, =  "0.54 ^  100 St m3/kg 0f fueL (4‘15)

Volume of Carbon Monoxide. Upon incomplete combustion of 
carbon its monoxide CO is formed. The volume of carbon mon
oxide is calculated in a manner similar to that of carbon dioxide. 
The combustion of 1 kg of carbon into monoxide will yield the fol
lowing volume of the monoxide:

56
24 X T 25 Sl m3/kg 0f c a rb o n ’

where 24 and 5 6 =  weights of two moles of carbon and two 
moles of carbon monoxide, kg;

1.25 =  specific weight of carbon monoxide, kg/st m3;
"thus, it takes 1 :-2̂ ^ y 25=  0.54 kg of carbon to form one cubic
metre of carbon monoxide. crIf the fuel contains 0.01 X C r =  - p  kg of carbon and all of it
burns into carbon monoxide the rated volume of carbon monoxide 
per kilogram of fuel burned will be

^ co =  0.54 X  100 =  ”54" St m3/k g - (4-16)

From the above it follows that the rated volumes of CO and C02 
-are determined by the same formulas. Assuming that part of the 
carbon contained in the fuel, amounting to 0.01 Cr, will be oxi
dized into C 02 and part into CO, we may write

Vco2 +  Vco =  st m3/kg of fuel. (4-17)

Volume of Sulphur Dioxide. Complete combustion of 1 kilogram 
of sulphur yields the following amount of sulphur dioxide S02:

64
32 X  2-927 m3/ kS-

where 32 and 64 = weights of moles of sulphur and sulphur 
dioxide, kg;

2.927 = specific weight of sulphur dioxide, kg/st m3;
64

thus, it takes 1 : 32 ^  ^ 7 = b47 k£ of suJPbur 
to form 1 st cu m of sulphur dioxide.
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S'
If there is —ioo  ̂ **6 su*phur in the fuel, the rated volume of 

S02 formed per kilogram of fuel burned will amount to
, ,  Sor+p °-375Sor+/7 st m3/kg.vso2 — —— = b100 X  1.47 54 (4-18).

In this case the volumes of the triatomic gases are determined, 
by the formula

C  0.375S' „
VR0, =  Vsq, +  Vco, =  - -  °r+P-54

=  0.0186 (Cr +  0.375SrOf+p) st m3/kg. (4-19>
Volume of Water Vapour. Each kg of fuel being burned con

tains 0.01 Wr kg of water and 0.01 Hr kg of hydrogen. The mois
ture of the fuel evaporates during combustion, while the hydrogen, 
is oxidized into water vapour.

The amount of air consumed to burn 1 kg of fuel is 1.293 X  
X  V°a kg. Air. usually contains water vapour the quantity of which 
is taken equal to d grams per kilogram of dry air. Thus, the fol
lowing amount of water vapour is introduced with the air into the 
products of combustion per kilogram of fuel being burned:

1.293V°ad 
1 ,0 0 0 X 0 .8 0 4

st m3/kg, (4-20>

where 0.804 =  specific weight of water vapour, kg/st m3;
1.293 =  specific weight of air, kg/st m3.

, The rated volume of water vapour per kilogram of fuel burned is 
determined by the formula

v  g H ' +  W ' 1.293V°ad
v h 2o —  100 x  0 8 0 4  ~ f -  j 000 x  0  804 —

=  0.111H'‘ +  0.0124W'’ +  0.01611/°a st m3/kg. (4-21>

Total Volume of Combustion Products. The total volume of 
combustion products obtained is determined by adding up the 
quantities of the individual mixture components:

VcP =  Vro, +  V'mo +  17?j2 +  AV st m3/'kg.
When calculating the volume of excess air AV from formula 

(4-13), however, the excess-air coefficient a 2 is corrected for the 
amount of air sucked into the given flue Aa which is taken approx
imately equal to from 0.05 to 0.1 for individual flues.

The total rated volume of the combustion products is used to 
determine the velocity of the flue gas and the cross-section 
of the flues.
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-5. Volumes of Dry Combustion Products Determined by Flue Gas 
Analysis

The processes of fuel combustion are controlled by analyzing 
the flue gas, using for this purpose apparatus filled with liquids 
each of which selectively absorbs one of the components of the 
combustion-product mixture. In most cases it is sufficient to deter
mine experimentally the content of R02 and 0 2 in per cent, and 
then to compute the percentage of CO in the mixture. When com
bustion is analyzed with the aid of such absorbing apparatus, the 
water vapour condenses and therefore the calculations are related 
to dry products of combustion. The volume of the dry combustion 
products is found from the equations:

whence

Vd. cp =  f̂ ROj +  Vco -f- Vo2 +  Vnj st m3/kg; 
R 02+ C 0  +  0 2 +  N2=  100 per cent;

R 02 = ro2 X  100

Vd.cp

R 02+  CO =  (Kr0* ~̂-Kco) 100 ;
v d. cp

v.d. cp
( ^ ROj +  ^ c o ) 1 0 0

ROj -f- CO st m3/kg.

(4-22)
(4-23)

(4-24)

Substituting Vbo +  Rco with its value from equation (4-19) and 
so on, we obtain

„  (Cr -f- 0.375S£,.+p) 100
v d.cP 54 (R02 -j- CO)

Cr + 0 .375S 'r+p 
0.54 (R02 +  CO) st m3/kg. (4-25)

Determination of Carbon Monoxide. The content of CO in per 
cent is calculated according to the values of R02 and 0 2 and di
mensionless fuel factor p, the magnitude of which depends on the 
elementary composition of the fuel:

[3 =  2.37 - .Hr- g l26Q̂ _ |_  q.005; (4-26)
r  f^T I A  0 7 C of 1 9 v  fa  +  0.375S„r+p

CO = (21 ~ PR00̂ T  aR° 2 +-- per cent. (4-27)

The maximum value of R02 can be determined from formula 
(4-27) upon assuming that fuel combustion is complete with the 
theoretical amount of air supplied and no CO present. Since in 
this case a  =  1, there is no excess oxygen, therefore

21
1 +  P ‘(R02)mai (4-28)



COMBUSTION PROCESSES 189

The values of (R02)max and p are constant for each kind of 
fuel. For instance, for wood and anthracite p equals 0.045 and 
0.787 for natural gas of the Dashava gas field.

Determining the Excess-air Coefficient by Flue Gas Analysis. 
The excess-air coefficient is usually determined by the volumes of 
nitrogen and excess oxygen contained in the dry combustion 
products. For the case of.complete combustion

a
21

21— 79-^2-N2
(4-29)

where 0 2 and N2 = volumes of oxygen and nitrogen in the flue 
gases, per cent.

The oxygen content is determined experimentally by analyzing 
the flue gases, and the content of nitrogen by the formula

N2= 1 0 0  — R 02 — 0 2 per cent.
For incomplete combustion formula (4-29) becomes

21
“ ~  21 _  7g 0 2 — 0.5CQ — 0.5H2 — 2CH4 ’ (4-30)

where CO, H2, and CH4 =  per cent of carbon monoxide, hydrogen 
and methane in the combustion products by volume.

N2=  100— r o 2— o 2 — c o  — h2 — c h 4.
For complete combustion of fuel, the maximum value (R02)max 

of which is known, the excess-air coefficient may also be approxi
mately determined from the so-called carbon dioxide formula

a (R02)max
ro2 (4-31)

where R02 = per cent of triatomic gases in the combustion pro
ducts determined experimentally.

6. Volumes of Combustion Products of Gaseous Fuels
Usually the composition of gaseous fuels is specified in per cent 

by volume, therefore the formulas given below are derived for 1 
standard cubic metre of gaseous fuel and its composition in per 
cent by volume. The deduction of the formulas has been omitted, 
since it is similar to that of the formulas for solid and liquid fuel. 

The theoretical amount of air required is
yo =  0.0476 [0.5CO +  0.5H2 +  2CH4 + 1 .5H2S +

- f  E(m -f/i/4)CmH „ - 0 2] st m3/stm 3. (4-32)
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The theoretical volume of nitrogen in the combustion products 

; V^2=  0.791/° +  - ^ - stm 3/stm 3. (4-33)

The volume of triatomic gases 

Vro, =  0.01 [C02 +  CO +  H2S 4- CH4 +  £m CmH„] st m3/st m3. (4-34)

The volume of water vapour in the combustion products at 
a  =  1

V ko  =  0.01 [ H2S +  H2 +  2CH4 +  0.124d +  £ -J CmH„] +
+  0.0161 V° st m3/st m3. (4-35)

The volume of water vapour at a  >  1
V h 2o =  Vh,0 +  0.0161 (a — 1) V °  st m3/st m3. (4-36)

The theoretical volume of dry gases

V°a. cP =  V̂ roj +  V k  st m3/st m3. (4-37).

The volume of.dry gases at a >  1

Vd. cP =  Vd. cp~h (a — 1) st m3/st m3. (4-38)

The total volume of the combustion products of gaseous fuel 

Vcp =  Vd cP +  V’hjO st m3/st m3.

The specific weight of dry gaseous fuel
Yd =  0.0111.96C02 +  1.52H2S +  1.25N2 +  1.4302 +  1.25CO +

+  0.0899H2 +  S (0.536m +  0.045/r) CmH„] kg/st m3. (4-39)
For a gaseous fuel containing less than 3 per cent of unsatu

rated hydrocarbons CmH,,. the composition of which is unknown, 
the latter are accounted for in calculations as C9Fh.

7. Enthalpy of Fuel Combustion Products
The enthalpy (heat content) of combustion products is calculated! 

per kilogram of solid and liquid fuel or per standard cubic metre 
of gaseous fuel as the sum of the enthalpies of the gases at a  = 1 
and of the excess air:

icp =  f?P+  (a — 1) iair kcal/kg or kcal/st m3. (4-40)
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The enthalpy of the gases at a = 1 and a temperature ■d0 C

i% =  1/ ro1(c&)COi+  Vn, V0hiO (c&)h q kcal/kg or kcal/st m3.
^ 2 (4-41)

The enthalpy of the air at a  = 1 and a temperature C
i°air=  kcal/kg or kcal/st m3. (4-42)

The volume of theoretical air V0 and gases V ro2. ^ n 2 and Vh2o 
is determined from the formulas specified above. The enthalpy of 1 
standard cubic metre of air (cl))ajr, carbon dioxide (cft)co,. ni
trogen ( c # ) n 2 and water vapour (cO)hso is determined from tables 
contained in heat-engineering reference books.
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HEAT BALANCE OF A BOILER UNIT

1. General Equation
The heat balance of a boiler unit is one of the basic ratings 

permitting proper estimation of the performance of the unit. The 
heat balance is drawn up for 1 kilogram of solid or liquid fuel 
and 1 cubic metre of gaseous fuel for steady-state thermal condi
tions in the boiler unit. The heat balance of a boiler unit estab
lishes the equality between the quantity of heat supplied to the 
boiler unit, called the available heat Q the sum of the utilized 
heat Qi and the heat losses Q2, Q3, Qi, Qs and Q6:

Qav =  Qi +  Q2 +  Qa +  Q4 +  Qs +  Qs (4-43)
or

100 =  ^ i- |-^ 2H~^3 +  4̂ +  ̂ 5"i'^6 Per cent. (4-44)
The individual components of the heat balance are considered 

in greater detail below.

2. Available Heat
The available heat is the sum of the low heating value of the 

fuel being burned Ql kcal/kg, the physical heat (enthalpy) of the 
fuel ifuei kcal/kg, the heat supplied to the boiler unit with the 
steam blast Q& and the heat brought into the boiler furnace with 
the air heated outside the boiler unit under consideration Qair 
minus the heat spent to decompose carbonates Qc. The latter 
member is included into the formula for determining the amount 
of available heat only when burning shale the ash of which con
tains a considerable amount of carbonates:

Qav =  Ql~\- ijue l~ \-Q b ~ \-Q a ir— Qc kCal/kg. (4-45)

3. Heat Utilized in a Boiler Unit
The total amount of heat used in the boiler unit is determined 

by the formulas
Q 1 Qbu ^  sap Hsu.) i  jw) ~~I- ̂  sat (I sat Qw) ~f~ ̂ b l  boil Qw) ~f-

Dreh(ireh — ireh) ~t~ Qdis kcal/hr; (4-46)
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Qj =  — kcal/kg (4-47)
or

<7! =  — - 100. per cent,
Qav

where Dsao, Dsal, Dreh =  respectively the amounts of super-,
heated steam, of saturated steam 
supplied to the consumer bypassing 
the superheater, of blowdown wa
ter, and of reheated steam, kg/hr; 

isat, ireh.. hoii> bw — enthalpies of superheated steam, of 
saturated steam, of reheated steam, 
of the water boiling in the boiler 
and of the feedwater, kcal/kg;

B =  fuel consumption, kg/hr;
Qdii =  heat absorbed by water or air heated 

in the boiler unit and dissipated, 
kcal/hr. a--?

4. Heat Losses with Flue Gases
The loss of heat with flue gases leaving the boiler is determined 

as the difference between the enthalpy of the combustion products 
at the outlet from the boiler and the enthalpy of the cold air 
delivered to the boiler unit:

?2 Ql 100-
Qav Qav

per cent, (4-48)

where if ,g =  enthalpy of gases leaving the boiler unit with a 
coefficient of excess air a/. g and a temperature 
fy. g in kcal/kg of burned fuel; 

iC' a =  enthalpy of the theoretically required cold air, 
kcal/kg;

^4 =  loss of heat due to mechanically incomplete com
bustion of carbon, per cent.

The loss of heat with flue gases depends on the amount of 
excess air and the temperature of the gases. The larger the excess 
air and the temperature of the flue gases, the higher the loss of 
heat with the gases.

The temperature of the flue gases at the boiler-unit outlet de
pends on the design and on operating factors. In designing boiler 
units with a capacity above 10 t/hr the temperature of the flue 
gases is taken equal to from 120 to 180 deg C.

13-814
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5. Heat Losses due to Chemically Incomplete Combustion
These Josses are caused by the incomplete combustion of such 

thermally stable gases as CO, H2 and CH4. The products of com
bustion of solid fuels most often contain relatively large quantities 
of carbon monoxide. The loss of heat due to incomplete combus
tion q3 is therefore calculated on the basis of this gas.

The loss of heat due to incomplete combustion of carbon monox
ide may be calculated by the formulas:

Q3 =  VcoQco kcal/kg (4-49)
or

<73 =  -—  100 per cent,
Q av

where Qco =  heating value when carbon monoxide burns to 
form carbon dioxide, equal to 3,050 kcal/st m3;

V̂ co =  volume of carbon monoxide contained in the 
products of incomplete combustion, st m3/kg of 
fuel burned.

This volume of carbon monoxide Vco is determined according 
to the oxide content (in per cent) in the dry products of com
bustion. ro

V'co =  Va.cp ■jqq’ st m3/kg. (4-50)

Substituting in formula (4-50) the volume of dry gases with its 
equivalent expression from formula (4-25), we get

Uco =
C '+  0.375S;r+/,CO 
0.54(RO2 +  CO) 100 st m3/kg. (4-51)

Inserting the values of Vco and Qco into formula (4-49) and 
simplifying, we obtain

(Cr +  0.375S'f+p)CQ 

Qav (R°2+ CO)
100 per cent. (4-52)

If in addition to carbon monoxide CO, the flue gases contain H2 
and CH4, formula (4-52) acquires the following form:

q3 =  (Cr +  0.375Sor+p\ 56.6CO -f- 48H2 +  156CH4
'  Qav ( R°2 +  CO +  h 2 +  CH4)

100 per cent. (4-53)

In a properly designed and normally operated furnace the losses 
of heat due to chemically incomplete combustion should not 
exceed 0.5 per cent. Upon improper servicing of hand-fired furnaces 
and when peat and brown coal of a high moisture content are
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burned these losses rise up to 5 per cent and more. The magnitude 
of the heat losses depends on insufficient air being supplied, im
proper mixing of the air with the fuel, and they are also the result 
of a low temperature of the gases in the furnace.

6. Heat Losses due to Mechanically Incomplete Combustion
These losses of heat occur when solid fuel is being burned. 

and are caused by some pieces of the fuel being removed from 
the furnace together with the refuse and by other particles being 
carried away through the boiler passes with the combustion 
products (carrying over of fly ash with unburned carbon).

The losses of heat due to mechanically incomplete combustion 
may be calculated by the following formula, in per cent:

_  „  in n.7,800[ ° d  (100- 4 H - G / .  , a ( 1 0 0 - 4  ,a) + G ,  a (lOO Adc „)]

<av
(4-54)

where
B =  hourly fuel consumption, kg/hr;

Ost> 0/.rt, Gc a =  weight of dry slag, ash pit loss (fall-through) 
and carry-over, kg/hr;

Aasi. .A%h, A c. a — content of ash based on the dry mass in slag, 
ash pit loss and carry-over, per cent;

(100 —  Ati), (lOO — A df.th )  and (100 —  A dc. a)  =  content of combust
ible matter in the 
slag, ash pit loss 
and carry-over, per 
cent;

7,800 = heating value of the fuel remaining in the slag, ash pit 
loss and carry-over, kcal/kg.

The losses of heat due to mechanically incomplete combustion 
depend on the rate of heat release per unit of grate area, or of 
furnace volume in case of gaseous or liquid fuel, on the kind of 
fuel and the mode of firing. The magnitude of these losses for 
solid fuel ranges from 1-2 to 12-14 per cent.

7. Heat Losses due to External Cooling of Boiler Unit
The lining and thermal insulation of a boiler unit are at a tem

perature higher than that of the ambient air and the walls of 
the boiler room. Heat is therefore transferred from the boiler unit 
to the ambient air and the walls, ceiling and floor of the boiler 
room. The specific losses of heat due to external cooling diminish

13*
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with an increase in the capacity of the boiler unit, i.e., with a 
reduction in the size of the boiler unit per ton of steam generated. 
These looses q$ range from 0.3 to 3.6 per cent. Under actual loads 
differing from the rated capacity of a boiler unit by more than 
25 per cent, the value of qs is determined by the formula

qs - - qrated -~ a-g- per cent, (4-55)
‘-'actual

where
Drated and Dacluai =  capacities of the boiler unit, kg/hr.

8. Heat Losses due to Physical Heat of Slags and for Cooling of 
Beams and Panels not Included into Boiler Circulation Systems

In most industrial boiler installations these losses q^i and q^ooi 
are insignificant, and they are taken into account only when precise 
heat balances are being drawn up. The equations used for comput
ing these losses are found in the ratings for boiler calculations.

9. Boiler Unit Efficiency
The ratio of the heat used in the boiler unit Q(, determined by 

formula (4-47), to the available heat Qrav , determined by formula 
(4-45), is known as the gross efficiency of the boiler and is ex
pressed either as a fraction or-in per cent:

„  Q l  Q ' a v  ~  (<?2 +  ^ 3  +  <?4 +  Q s  +  <?6) / A

■€a =  qT- =  ----------------or-------------------  : (4-06)
av **av

riVu =  100 — (?2 +  ?3 +  +  ?5 +  <76) Per Cent- (4 -57)

The operation of a steam boiler unit involves the expenditure of 
steam for soot blowing, heating of the fuel oil, for driving the 
steam engines of the blowers and exhausters, and for other auxil
iary needs. When the heat consumption per hour for auxiliary 
needs Qan kcal/hr is taken into account the net efficiency of the 
boiler unit is calculated by the following formula:

< u=  ^ u - — nr -  (4-58) 10

10. Fuel Consumption
The consumption of solid and liquid fuel is expressed in kg/hr, 

and of gaseous fuel in st m3/hr. Actual consumption B and rated 
consumption Br are distinguished.
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The actual consumption of fuel is determined from the formula
QftalOO kg/hr, (4-59)

Q av  X ’ifu 
where

r]§ru = efficiency of the boiler unit, per cent.
The rated fuel consumption is less than the actual one by the 

losses due to incomplete mechanical combustion: _
B r =  B { \ -0.01?<) kg/hr. (2)  (4-69)

The rated fuel consumption is used to calculate the volume of 
air and flue gases when determining the dimensions of flues and 
air ducts, as well as when selecting blower and exhauster equip
ment.

The actual fuel consumption is used in ordering fuel and in de
termining the size of the fuel handling equipment.

11. Evaporative Capacity of Fuel
The ratio of the amount of steam generated in a boiler to the 

heating value of the fuel burned to produce this steam is called 
the apparent evaporative capacity of fuel and shows how many 
kilograms of steam can be produced per kilogram of fuel burned:

DE =  —app b h t  i f  ip
kg/kg. (4-61)

The same value expressed in respect to the heating value of fuel 
equal to 7,000 kcal, i.e., related to the heating value of the 
so-called conditional fuel, is called the apparent evaporative 
capacity of conditional fuel:

( E a p je o n a  =  E app ~  kg/kg. (4-62)

In order to compare the performance of boilers operated with 
various steam parameters, i.e., with different values of ist — ijw, 
the evaporative capacity of the fuel is related to standard steam:

(Eapp)stan  =  E app kg/kg- (4-63)

By standard steam is meant steam generated from water at a 
temperature of 0 deg C and with an enthalpy equal to 640 kcal.



C f i a p t e r  IV
T E M P E R A T U R E S  A N D  H E A T  T R A N S F E R  
I N F U R N A C E

1. Temperatures in Furnace
The total heat evolved in a furnace, conditionally called the 

theoretical heat, is the sum of three components:
(1) the. available heat Qrav corrected to account for the losses 

of heat due to chemically incomplete combustion q3 and the losses 
with the physical heat of the slag q6si\

(2) the heat introduced with the air QUJ> and
(3) the heat of recirculating gases Qrc:

Qth =  Qav +  Qair +  Qrc kcal/kg, (4-64)
where
Qrc is taken into account only when recirculated gases are bled 

from following gas ducts of the boiler unit. It is omitted if the 
gases are taken from the furnace. Denoting the fraction of re
circulated gases by XrC,

Qrc =  (VcXc&)rcx rc kcal/kg; (4-65)

Qair = heat supplied to the furnace with hot air Qk-a heated 
within the limits of the boiler unit under consideration, or 
with cold air Qc. a, if cold air is supplied to the furnace. 
Besides, account is taken of the heat supplied to the fur
nace and pulverizing installation with the infiltrated air:

Qair =  ( i f  —  t o f  — ka-pui) i'air +  (Aot/-)-Aapui) i° ,a kcal/kg, (4-66) 

where
a./ — excess-air coefficient at the furnace outlet; 

and ^a.ful =  infiltration of air into the furnace and the coal 
pulverizing installation; 

fair and i°.a =  enthalpies of air at the air-hdater outlet and of 
cold air, kcal/m3;

Based on the total heat evolved in the furnace, the theoretical 
temperature of combustion will be

Qih =  (v cc t̂h) kcal/kg, (4-67)
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whence
&,fc= ! ^ d e g C  (4-68)

or
Tlh =  *th +  273 deg K-

From the above it follows that the theoretical temperature of 
combustion is the temperature which would be observed in a, 
furnace if there were no heat transfer to the heating surfaces.

2. Heat Transfer in Furnaces
Heat is transferred from the products of combustion to water and 

steam through the heating surfaces of a boiler unit by radiation 
and conduction. In the furnace the fraction of heat transferred by 
conduction is negligible. Therefore, in calculating heat transfer in 
the furnaces of ordinary boiler units the fraction of heat transferred 
by conduction is neglected.

There are two types of radiation: direct and indirect. Direct ra
diation is the name given to radiation from a luminous flame, 
burning fuel bed, or from nonluminous products of combustion; 
radiation from a furnace wall lining is called indirect radiation. 
The amount of heat received by the heating surfaces of a boiler 
unit arranged in the furnace is denoted by Qraa kcal/kg.

The fraction of heat transferred in a furnace in the form of 
radiant heat is called the coefficient of direct heat transfer of the 
furnace:

_  =  Qm -  (v cc&/) ' (4-69)
Wlh Qth

The absolute temperature of the gases at the furnace outlet 
deg C substantially influences the reliability and efficiency of 

the boiler unit. At a high outlet temperature the softened ash of 
the solid fuel carried away by the gases from the furnace settles 
on the relatively cold (in comparison with the temperature of the 
combustion products) surfaces of the waterwalls and the boiler 
and covers them with a solid layer of slag, thus diminishing the 
efficient heat-absorbing aHility of the boiler unit. At a low tem
perature fly the losses of heat due to incomplete mechanical and 
cherhical combustion noticeably increase. Experimental data have 
permitted to establish optimum temperatures of the gas at furnace 
outlets for different grades of fuel and types of furnaces. These 
temperatures range from a maximum'of 1150 deg C to a minimum 
of 950 deg C for the most widely used grades of fuel. For each 
grade of fuel these temperatures should be from 50 to 100 deg C 
below the ash softening temperature of the given fuel.
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Calculations of radiant heat transfer are based on the well-known 
laws of Planck, Lambert, KirchholT, Stefan-Boltzmann and others.

In the TJ.S.S.R. the method used to compute heat transfer by 
radiation in boiler furnaces is based on the application of the 
similarity theory to the experimental data obtained in investigat
ing the performance of furnaces. This method has been developed 
in the main by the Soviet scientist Prof. A. M. Gurvich of the 
Central Boiler-turbine Institute. The summary equations of this 
method and the symbols used are given below.

The analytical formulas used in the Gurvich method relate the 
heat transferred in the furnace by radiation Qrad and the dimen
sionless temperature 8 / to the basic criteria of similarity (invar
iants) of the furnace process, viz., to the Boltzmann number Bo, 
the rate of flame absorption ks, the chemical criterion C and geo
metrical invariants iJj and p.

The basic formula for calculating the process of heat transfer 
in furnaces determines the dimensionless temperature at the fur
nace outlet:

8
Bo06

0.445 X  4 ' 6 +  Bo°'6 '
(4-70)

Substituting the Boltzmann number Bo with its value in for
mula (4-70), we get a formula for determining the effective radiant 
heat-absorbing surface

Hrai =  0.79 X108 BrQrad sq m (4-71)

and a formula for the absolute temperature of the gases at the 
furnace outlet

(-
th

27 X  W t H radaf T th
' f B f  ( V cC)a v

i 0.6 273° C, (4-72)
+ 1

where
<p =  heat conservation factor; 

f J £ =  factor showing contamination of heating surface; 
a.f =  emissivity of furnace;

(Vcc)av =  average total heat capacity of the combustion products 
within the temperatures Tih and T / expressed in degrees 
Kelvin.



C h a p t e r  V 
FURNACES

1. Classification of Furnaces .
A furnace is an arrangement intended for the effective and 

economical burning of fuel. Boiler installations incorporate 
furnaces of various types and design due to the diversity of fuels 
having different compositions and properties.

All existing furnaces are conditionally divided into grate-fired 
and pulverized-fuel furnaces.

In pulverized-fuel furnaces the fuel is burned in a suspended 
state and forms a flame, for this reason such furnaces are often 
called flame furnaces. Certain pulverized-fuel furnaces in which 
the fuel is conveyed by air introduced into the chamber at a high 
speed are called cyclone furnaces.

In respect to the way in which the refuse is removed from the 
combustion chamber pulverized-fuel furnaces are divided into two 
groups: furnaces with dry, or granular, ash removal-, and slag-tap 
furnaces from which the slag is removed in a molten state. Fur
naces featuring dry ash removal are employed to a great extent.

In respect to the aggregate state of the fuel being burned all 
existing furnaces may be divided into furnaces in which com
bustible gases are burned, fuel oil-fired furnaces, and furnaces for 
solid fuels. The latter include pulverized-coal furnaces and con
ventional grate-fired furnaces.

The burning of combustible gases requires the least ingenuity. 
In gas-fired furnaces to intensify the process of oxidation it is only 
necessary to preliminarily mix the gas with air and heat the 
mixture to its ignition point. Since the fuel and the oxidant are 
in the same aggregate state the air-gas mixture is prepared and 
heated with the aid of comparatively simple burner devices located 
directly on the walls of the combustion chambers.

The process of combustion of liquid fuels is somewhat more 
complicated. To intensify the process the fuel oil must first be 
atomized, i.e., converted into minute droplets, then superheated 
oil vapours and combustible gas obtained by heating, these 
products mixed with an oxidant and burned. For this reason the 
burners used for fuel oil are of a more intricate and cumbersome 
design in comparison with the gas burners.
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The process of burning solid fuels and especially fuels with a 
high moisture and ash content is the most cumbersome and com
plicated ir> respect to the equipment involved and the least eco
nomical of all the processes of burning various fuels. Due to the 
great difference between the volumes of the solid fuel and air (the 
volume of fuel is several thousand times less than that of the air 
used for combustion) and the resulting difficulty in ensuring proper 
mixing of the fuel, solid fuels are burned with more excess air as 
compared with combustible gas.

F ig . 77. S k e tc h e s  o f first ch a m b ers o f  c y c lo n e
/ — first fuel combustion chamber; 2 — second chamber for completing combustion; 3 — slots for 

air and fuel delivery; 4 — opening for slag removal

Solid fuels are most efficiently burned in pulverized-fuel fur
naces in a pulverized state. In this case, however, the net efficiency 
of the process of combustion lowers due to the supplementary 
expenditure of power to pulverize the fuel. The presence of ash in 
solid fuels makes difficult the penetration of the oxidant to the 
molecules of the combustible substances and necessitates the re
moval of ash and slag.

Pulverized-fuel furnaces permit the effective combustion of all 
kinds of fuel: natural and coke gases, liquid fuels, and powdered 
bituminous coal. Some kinds of solid fuel (fine peat, brown coal) 
can be burned in pulverized-fuel furnaces with particles ranging 
from 5 mm and higher in size.

There are single- and double-chamber pulverized-fuel furnaces. 
Double-chamber furnaces are at present used only for solid fuels. 
The first chamber is a cyclone furnace in which air eddies impart
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rotational motion to the flame. The fuel particles and ash are 
thrown against the walls of the first chamber by centrifugal force,

F ig . 78. F u e l-o il  bu rn ing  flat b o ttom  fu rn aces to  ty p e  B r -2 0  stea m  b o iler

while the combustion products are carried to the second chamber 
where their burning is completed.

Fig. 77 contains diagrammatic views of a horizontal and a ver
tical first chambers.
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Boilers are outfitted in the main with single-chamber furnaces 
having a prismatic form. The overall dimensions of these fur
naces are determined by the optimal specific heat release rates,

Asbestos
chord

F ig . 79. S la g -ta p  furnace w ith  flat b ottom

i.e., by the quantity of heat produced per unit furnace volume 
per hour.

The pulverized coal and air mixture is introduced into the fur
nace through burners arranged in its front and side walls, which 
permits to organize the process of combustion. There are various 
designs of the bottom part of furnace chambers. Oil- and gas-fired 
furnaces, as well as pulverized-coal slag-tap furnaces, have flat 
bottoms.
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The flat-bottom gas- and fuel oil-fired furnace shown in Fig. 78 
is designed for a type BT-20 single-drum steam boiler. A flat- 
bottom slag-tap furnace is depicted in Fig. 79.

Grate-fired, furnaces are designed only for firing solid fuels. The 
great variety of solid-fuel grades and compositions led to the 
creation of many types and designs of grate-fired furnaces; how
ever, only some of the most perfect designs of these furnaces have 
found a wide application in industrial boiler houses.

Depending on the extent of mechanization of the fuel charging 
equipment and refuse removal, as well as on the methods of 
delivering air to the fuel, all grate-fired furnaces are divided into 
hand-fired, semimechanized and stoker furnaces.

Stoker furnaces are equipped with travelling grates, or stokers, 
while semimechanized and hand-fired furnaces are fitted with sta
tionary grates.

The grates may be installed horizontally or inclined in the fur
nace chambers, and correspondingly furnaces with horizontal and 
with inclined grates are distinguished. The grates are inclined to 
facilitate the handling of fuel and refuse in the furnace chamber.

The charging of fuel onto stationary grates is facilitated by 
employing various fuel spreaders. Sometimes such spreaders are 
used for the additional charging of fuel into furnaces fitted with 
stokers. Furnaces fitted with stationary grates and fuel spreaders 
are classified as semimechanized ones.

In addition to fuel spreaders furnaces of this type are usually 
fitted with rotating grates. The latter are of a great aid in the 
removal of refuse from the furnaces.

Refuse removal from stationary grate furnaces is also facili
tated by the use of slice bars. Efficient employment of slice bars, 
however, is possible only when firing coals the ash of which has a 
high melting point, i.e., fuels with ash that does not melt in the 
fuel bed and does not cake into large pieces.

2. Thermal Characteristics of Furnaces

The capacity of a furnace is conditionally expressed through the 
quantity of heat which would be evolved inside the furnace per 
unit of time as the result of burning B kg of fuel with a lower 
heating value Qi kcal/kg without any heat losses, i.e., the 
capacity of a furnace is determined by the product BQl kcal/hr.

The heat liberation per unit of volume and per unit of live grate 
area is determined for a unit of time by dividing the quantity of 
heat determining the furnace capacity respectively by its volume 
V/, in cu m, or by the live grate area Ra, in sq m:
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and
(4-73)

BQrr—p.— kcal/m2-hr. (4-74)

By the live grate area Ra is meant the surface of the firebed 
covering the grate.

By the volume of the furnace Vf is meant the active space of the 
furnace chamber in which combustion of the fuel takes place.

Depending on the kind of fuel, the mode of firing and the type 
of furnace, the tolerated (based on efficiency) heat liberation per 
unit of volume or of live grate area is taken from tables contained 
in heat-engineering reference books. These tables have been com
piled on the basis of numerous experimental data and contain the 
mean values of the apparent heat liberation conforming to the 
values specified in these tables, such as excess air, loss of heat due 
to incomplete chemical and mechanical combustion, and other 
ratings of furnace performance.

3. Waterwalls
To reduce the temperature of the flue gases at the furnace outlet 

and to increase the capacity of boiler units, the internal walls of 
the combustion chambers of both grate-fired and pulverized-fuel 
furnaces are protected with cooling (screen) heating surfaces 
called waterwalls. These waterwalls are usually made of smooth 
steel tubes and are arranged vertically or obliquely on,the walls 
of the furnace chamber. The waterwall tubes are 60, 76 and 83 mm 
in diameter and spaced from 1.1 to 2.5 tube diameters apart. The 
ends of the tubes are secured in headers either by welding or 
expanding, while sometimes they are connected directly to the 
boiler drums. Such tube heating surfaces arranged on furnace 
walls are called waterwalls.

Fig. 78 illustrates the arrangement of waterwalls in a gas and 
fuel oil-fired furnace. In dry-ash furnaces not only the walls of the 
furnace chamber, but also the hopper-shaped ash pit are covered 
with waterwalls. In this case the ash hopper is known as a cold 
one. In slag-tap furnaces the ash-hopper waterwalls are covered 
with a heat-insulating material (gunite). Such a hopper is called 
a warm one.

4. Gas-fired Furnaces
Gas is mostly fired in flat-bottom pulverized-fuel furnaces. The 

volume of the combustion chamber of such a furnace is calculated 
on the basis of the tolerated liberation ratings. In natural gas-
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and coke gas-fired furnaces it is recommended to have a rated 
liberation from 200 X 103 to 250 X 103 kcal/m3-hr and over. For 
furnaces with the air delivered at high pressure heads and in which 
special regulators are employed, the specified liberation may be 
increased several times without reducing the efficiency of the com
bustion process.

Fig. 78 shows a furnace designed for burning fuel oil or 
natural gas.

Although the process of burning gaseous fuel, especially with 
a high heating value, is the simplest process of burning or
ganic fuels, the method of burning the gas selected and the 
type of burners employed influence the overall efficiency of com
bustion.

Two modes of burning combustible gases are distinguished: the 
burning of a preliminarily prepared mixture of the gas and air 
(burners with premixing) and burning with the combustible mix
ture formed directly in the furnace chamber. When the gas and 
air are introduced separately into the furnace chamber the forma
tion of the combustible gas-air mixture takes place mainly because 
of diffusion, therefore, this method of burning gas is often called 
the diffusion one. Sometimes burners of intermediate, or combined, 
types are employed in which the gas mixes with air partially in 
the burner and partially in the furnace chamber.

The process of diffusion combustion is slower than the com
bustion of a preliminarily prepared gas-air mixture. The diffusion 
process of combustion is accelerated by artificial turbulization of 
the gas-air stream and by increasing the gas and air temperatures 
before combustion.

Depending on the composition of the gas, the process of its 
complete combustion ends mainly in the formation of carbon diox
ide and water vapour. In case of incomplete combustion of natu
ral gas the products of combustion may contain intermediate 
components, such as methyl alcohol, carbon monoxide, hydrogen, 
soot and others, the presence of which underlies the heat loss due 
to incomplete chemical combustion. The magnitude of this heat 
loss depends on the method of combustion used. When air is ad
mitted to large flames by diffusion the heat loss due to incomplete 
chemical combustion is usually the greatest. The higher the volume 
of the flame, the relatively smaller is the surface of the flame in 
direct contact with the surrounding air and the more complicated 
it becomes to provide perfect combustion. With an increase in the 
initial diameter of the flame and the initial velocity of outflow the 
length of the flame increases and the liberation diminishes. By 
using orifices of a smaller diameter and by reducing the gas 
outflow velocities, the so-called microflame combustion of gas,



208 BOILER INSTALLATIONS

differing from flame combustion in higher liberations and lower 
losses of heat due to incomplete combustion, is organized.

The stability of gas combustion is increased, in particular 
that of gas with a low heating value, by the employment of sta
bilizers.

Fig. 80 illustrates one of such stabilizers, which is a refractory 
flame-dissecting cap arranged in front of the gas burner. The 
glowing surface of the stabilizer emits heat, which favourably 

affects the stability of combustion. The burn
ing of gas in the ceramic passages of a small 
cross-sectional area also improves the stabil
ity of combustion (Fig. 81).

The products of gas combustion in glowing 
ceramic passages are transparent. For this 
reason, the process of burning gas in small 
ceramic passages is sometimes called flame
less. The use of such a mode of combustion 
leads to a considerable reduction in the size 
of furnace chambers. Air and combustible 
gases are delivered to burners in different 
ways.

In some installations the gas and the air 
are delivered separately by fans or compres
sors directly to the burners. In installations 

of other types, one of the components of the gas-air mixture is used 
to eject the other one. Thus, for example, in small-size installations 
the jet of gas delivered to the boiler at a high pressure is used to 
carry into the furnace atmospheric air the pressure of which is 
smaller than that of the gas. Such burners are called ejector 
burners. The additional air required for complete combustion is 
delivered to the furnace by fans or is drawn into the furnace by 
the draught created by exhausters.

Fig. 82 shows an ejector-type flame burner in the fire tube of a 
steam boiler. In this installation the furnace chamber has been 
lined with refractory brick to increase the stability of combustion.

A small ejector-type microflame gas burner developed by a group 
of Soviet designers headed by Prof. A. M. Kondak is shown in 
Fig. 83. The housing of this burner is made of thin sheet steel.

A large number of 2-mm holes spaced 4 mm apart is either 
bored or stamped in the lid of the burner housing. The perfo
rated lid serves to divide the gas-air stream into a number of 
thin jets.

Other microflame burners have been developed on this principle 
with a capacity ranging from 1,000 to 20,000 m3/hr.

T urbulent zone
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Fig- 83. Ejector-type microflame gas burner designed by the Soviet scientist
Prof. M. A. Kondak
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Fig. 84 shows a gas burner for large steam boilers. Natural gas 
and air are delivered to this burner under pressure, the outflow 
velocity of the mixture being 30 m/sec. The convenience of boiler 
operation and boiler design are the main factors influencing the 
location of the burners either on the walls of the furnace or at 
the hearth.

5. Furnaces for Fuel Oil

Of all the liquid fuels only fuel oil is used in boiler units, and 
it is burned in furnace chambers similar to those used for gas 
(see Fig. 78).

Fuel-oil burners consist of atomizers for injection and atomiza
tion of the oil and of devices for delivery and mixing of the air

Air

Fig. 85. Air register with vanes providing turbulent airflow

with the fine particles of the oil. The devices used to supply air 
to the root of the flame are called registers.

Fig. 85 shows a standard register with vanes giving the air 
flow a turbulent motion and ensuring better mixing with the 
atomized fuel oil.

Oil burners, depending on their operating principles, can have 
steam (air) or mechanical atomization. 14

14:
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In steam burners the fuel oil is atomized at the expense of the 
kinetic energy of the stream of steam or air delivered under pres
sure to thekburner. In mechanical burners the energy of the stream 
of fuel oil, supplied by a pump at pressures ranging from 8 to 
20-35 atm through the minute orifices of the burner heads, is used 
for atomizing the oil.

212

s

Fig. 86. Steam atomizing oil burner

Fig. 86 shows a steam burner consisting of two uniaxial tubes, 
one inside the other, and a diffuser mounted on one end of the 
outer tube.

Steam is delivered into the inner tube and flows out of it through 
a widening nozzle into the chamber before the diffuser, while the 
fuel oil is directed through an annular passage between the walls 
of the inner and outer tubes. The ejecting action of the steam 
causes the fuel oil to be sucked into the chamber before the diffuser 
where mixing takes place. The capacity of the burners described
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above depends on the initial steam pressure. The higher the initial 
steam pressure, the greater the capacity of the burner. The capacity 
is also determined by the dimensions of the nozzle orifices. One 
manufacturer produces steam oil burners (type M<f>ITP) with a 
capacity ranging from 100 to 800 kg and designed for an initial 
pressure of 16 atm gauge.

An increase in steam pressure not only improves the capacity 
of the burner, but also results in better atomization.

Burners are being produced in which the fuel oil is fed to the 
inner tube and the steam to the outer tube through an annular 
slot (Shukhov’s burner).

In marine units burners are used with flat slot orifices arranged 
in parallel over each other. The fuel oil is delivered through the 
upper orifice and the steam through the lower one. The form of 
the slots and their arrangement have a negligible influence on the 
efficiency of combustion. To increase burner capacity and the 
efficiency of the combustion process it is very important to ensure 
fine atomization of the fuel oil, its thorough mixing with air, and 
heating to the ignition point.

The combustion of fuel oil consists in the oxidation of the super
heated oil vapours and combustible gases evolving from the fuel 
oil when it is heated.

It is impossible to ensure intensive combustion without pre
heating and dissociation of the fuel-oil droplets in superheated 
vapours and gases.

The total amount of heat required to bring the fuel oil into an 
active combustible state constitutes 250 to 300 kcal/kg. Part of 
this heat is communicated to the fuel oil when it is being de
livered to the burners, and part of it directly to the furnace 
chamber, where the fuel oil is heated by the combustion products 
sucked in to the root of the flame.

To increase the combustion stability in small-size boiler units 
operating with one or two burners it is recommended to protect 
the root of the flame from cooling, i.e., from heat emission to the 
comparatively cool surfaces being heated. Refractory ceramic 
pieces are used as protective devices. When several burners are 
installed the mutual radiation of their flames replaces such ceramic 
walls. When preheated air is supplied to the burners the stability 
of combustion also increases. In medium- and large-capacity boiler 
units there is no need to protect the root of the flame from cooling, 
because in these cases the fuel mixture receives sufficient heat 
from the flow of gases filling the combustion chambers.

One of the major drawbacks of steam burners is the large con
sumption of steam for their operation. The average specific com
bustion of steam for atomization constitutes 0.3 to 0.5 kg per kg;
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of fuel oil, while with faulty burners it may reach 0.7 to 0.9 kg. 
This factor sharply reduces the economic efficiency of operation, 
and that kis why steam burners, notwithstanding their simple 
design, are used for continuous operation only in boiler units of 
low capacity. In medium- and large-capacity boiler units mechan
ical burners are used. Steam burners are used in them only for 
the initial firing.

F u el o il

In low-capacity boilers use is also made of air burners which are 
identical to steam burners as regards operating principles. Accord
ing to the air pressure used for atomizing, the air burners are di
vided into high- and low-pressure ones. In high-pressure burners
air is employed at the same pressure as steam and the same
atomizing effect is accordingly obtained. In low-pressure burners 
air with a pressure of 200 to 400 mm water column is used, but 
at this pressure the results are somewhat worse (larger drops of 
fuel oil are formed).

Besides the increased steam consumption, the drawbacks of. 
steam burners include the noise made by the stream of steam when 
discharged at a high velocity. This noise is rather tiresome for 
the operators.

Fig. 87 shows a mechanical atomizing fuel-oil burner. The fuel 
oil, which is first filtered and heated to a temperature providing
-the required fuel viscosity (6 to 7 deg in conditional units), is
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directed at a pressure from 10 to 30 atm to the tube of the burner 
which ends up in an atomizing head. The latter contains two disks, 
viz., a distributing and a whirl ones. The fuel oil is delivered into 
the orifices of the distributing disk and then along the tangential 
passages of the whirl disk to the chamber, whence it is forced 
through the orifices of the external cap into the furnace. The burner 
is secured on a mount to the cover of the register installed near 
the furnace embrasure.

All the fuel oils burned in the furnaces of steam boilers at 
the air temperatures usually encountered in boiler units are of a 
high viscosity and a correspondingly low mobility (cracked 
fuel oil) or are completely immobile (paraffin-base oils). Usually 
these fuel oils are contaminated with mechanical impurities intro
duced during their transportation from the refineries. Therefore, 
before delivering the fuel oil to the burners it is necessary to 
heat it and remove all mechanical impurities. Fuel oil is heated 
in surface heat exchangers, while the impurities are separated in 
filters.

Coarse and fine filters are distinguished. The mesh in the screens 
of coarse filters ranges from 1 to 2 mm and in fine filters from 0.3 
to 0.6 mm. Coarse filters are installed in the suction lines of 
fuel-oil pumps and fine ones in the pressure delivery lines. To 
prevent the fuel oil from freezing in the pipes the latter are usually 
thoroughly insulated and are placed parallel to steam pipelines, 
which are called accompanying lines in this instance. Besides, 
fuel-oil lines are given an annular form, thus eliminating fuel-oil 
stagnation.

It is recommended to install at least two or three burners in one 
boiler to permit economical control of the boiler load by using only 
part of the burners. In medium- and large-capacity boilers the 
burners are arranged in one or two rows on one or two opposite 
furnace walls. When the burners are arranged frontally the min
imum furnace depth should be 3 m for burners having a capacity 
of up to 250 kg/hr, and 4 m for larger burners. To prevent fuel-oil 
droplets from getting on the furnace lining and the depositing of 
oil coke, burners should be arranged with a distance of at least 1 
to 1.2 m between their centre lines and between the furnace wall 
or hearth and the centre lines of the extreme burners.

To protect the furnace linings against destruction if the combus
tion mixture explodes in the flues, all pulverized-fuel furnaces 
burning fuel oil, gases or powdered coal (except anthracite and 
lean coals) should be equipped with safety valves. These valves 
open automatically when the pressure in the flues increases to 100 
to 200 mm water column. The valves are made in the form of flat 
screens covered with asbestos sheets, or pipe pieces with revolving
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lids. In the first arrangement the asbestos sheet bursts and in the 
second one the lid opens when an explosion occurs.

Before the initial firing of a fuel-oil or gas furnace, the com
bustion chamber and gas ducts of the boiler unit are ventilated to 
remove any possible concentration of explosive mixtures.

6. Pulverized-fuel Furnaces
Pulverized solid fuels are usually burned in a suspended state. 

Depending on the volatile content, various powder fineness and 
different types of furnaces are employed. The lower the volatile 
content, the higher must the powder fineness be. For example, it 
will be efficient to burn anthracites and lean coals, the volatile 
■content of which ranges from 4 to 18 per cent, in pulverized-coal 
furnaces with a size of the coal dust particles in the main mass 
equal to 88 p. Bituminous coals with a volatile content equal to 
from 20 to 30 per cent can be economically burned in the same 
pulverized-coal furnace with coal dust particles up to 200 p in size. 
Peat, the particles of which have a higher conveyance in suspen
sion, is efficiently burned in shaft-mill furnaces, with particles up 
to 0.5 mm in size. In pneumatic and cyclone furnaces relating to 
Tame-turbulent furnaces it is possible to burn peat lumps of even 
larger sizes.

Pulverized-coal Furnaces. Pulverized-coal furnaces are designed 
for the combustion in burners of powdered coal. In these furnaces 
the time required to burn the fuel particles should not exceed the 
time during which the combustion products remain within the 
furnace chambers. For large furnaces this period equals from 2 to 
3 sec when the heat liberation is 150 to 200 thousand kcal/m3-hr. 
The duration of this period increases with the liberation.

Pulverized-coal furnaces differ from furnaces with gas and oil 
firing in the design of the burners and of the lower part of their 
combustion chambers.

In pulverized-coal furnaces the lower part of the combustion 
■chambers is designed for the collection and removal of the ash 
that settles down upon combustion of the fuel.

Usually the design of the burners and their arrangement on the 
walls of the combustion chamber when solid fuel dust is used 
depends on the volatile content and the ignition point of the fuel. 
For example, when fuels with poor ignition properties are being 
used the aerodynamic design of the burners should ensure rapid 
heating of the coal dust at the expense of intensive suction of the 
combustion products to the root of the flame.

Besides, when anthracite dust is being used part of the water- 
wall heating surface opposite the burners is covered with a heat-
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insulating layer (gunite). This zone is called the firing belt. 
Anthracite dust in modern applications is fired in furnaces with 
heat-insulated cold hoppers. These have no firing belts, but the 
tube walls of the cold hopper and the lower part of the furnace are 
covered with gunite. When easily ignited fuels, for example lignites, 
are used there is no insulating layer over the waterwall.

The arrangement of the burners is also influenced by the con
venience in their servicing. The frontal arrangement is the one' 
most frequently used. It is good to have the distance between 
burner centres and to the adjacent walls equal to from 1.5 to 2 m. 
Each boiler unit should have at least two burners, since this 
permits to increase the manoeuvrability in operation with varying- 
loads.

When a large number of burners are used in high-capacity boiler 
units they may be arranged in two rows. When the burners are 
located close to a refractory surface the latter gets covered with 
slag, as a result the efficient heat absorption decreases, the terq- 
perature of the combustion products rises and consequently the 
boiler efficiency is reduced.

The overall dimensions of the furnaces are calculated on the 
basis of the maximum liberation of the furnace volume. The 
lower liberation is taken when anthracite is burned, viz., 
125,000 kcal/m3-hr, and the higher liberation — when lignites are 
burned, viz., 200,000 kcal/m3-hr. In slag-tap units an increase of 
from 20 to 30 per cent is allowed in these liberations without 
lowering efficiency.

Pulverized-coal firing consists in transportation of the pulverized 
coal from the coal dust bins by the primary air, subsequent mixing 
with the secondary air, heating of the coal dust-air mixture to the 
ignition point, and combustion. Upon leaving the burner the coal 
dust and primary air mix with the secondary air. The better this 
process of mixing, the less excess air is needed to carry out efficient 
combustion. The optimal excess-air coefficient is from 1.2 to 1.25. 
The efficiency and intensity of the pulverized-coal combustion 
process increase when the air is preheated. The air is usually heated 
to from 350 to 400 deg C, and sometimes up to 450 deg C.

An advantage of firing coal dust is the sharp increase in the 
total surface of the dust particles in comparison with large fuel 
lumps of equal weight. This permits to increase the reacting capac
ity of the fuel and to burn it with less heat losses caused by me
chanically and chemically incomplete combustion.

The drawbacks of pulverized-coal firing include the high cost of 
the coal-powdering equipment and of its operation. That is why 
the employment of pulverized-coal furnaces is recommended only 
in medium- and large-capacity boiler units (over 20 t/hr) where
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there are standby motors, and power costs are not too high. When 
bituminous, coal with an increased volatile content is used pulve
rized coak may be burned in smaller-sized boiler units with an 
output of 10 to 12 t/hr.

The majority of pulverized-coal furnaces, as well as gas and oil 
furnaces, are single-chamber units. At present twin chamber fur
naces are being introduced having a higher efficiency of combustion

C ircular b u rn ers S lo t te d  burners

Fig. 88. Sketches of circular and rectangular pulverlzed-coal burners

with fuel particles of a larger size. In the first chamber, called 
the prechamber, an intensive process of large-size coal-dust com
bustion takes place with molten slag removal at temperatures 
ranging from 1500 to 1600 deg C and higher, while in the second 
consecutively arranged chamber the remaining coal dust and com
bustion products are burned at lower temperatures (about 1050 to 
1100 deg C).

As was previously mentioned, burners are the main elements 
of pulverized-coal furnaces. According to their design there are 
distinguished circular burners and rectangular burners.

Fig. 88 contains sketches of the main types of circular and 
rectangular burners. The simplest circular burner consists of a 
cylindrical tube through which the pulverized fuel and primary 
air mixture is blown into the furnace, the secondary air being
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delivered through a second tube. The simplest rectangular burner 
differs from the circular one only in the shape of its cross-section.

In rectangular burners the relation between the sides is ap
proximately 5 to 1.

In modern burners, besides the tubes designed to convey the air 
and pulverized fuel mixture, there are special arrangements for 
mixing the air with the fuel. Thus, for example, in some types of 
burners the ceramic conical deflectors are placed at the discharge 
end for thoroughly mixing the pulverized fuel with the secondary

Fig. 89. Circular burner of O P rP S C  type for pulverized coal wilh spiral
secondary air supply

air and for increasing the stability of combustion when the load 
varies, and also for sucking the combustion products to the root 
of the flame.

A circular burner (type OPTP3C) is shown in Fig. 89 and 
a rectangular one (type BFIK) in Fig. 90. In the circular burner 
the air-pulverized fuel mixture is fed into the furnace through the 
inside tube and the annular space between the deflector and the 
nozzle. The angle of the deflector cone varies with the type of coal 
being used: for anthracite it is 120 deg, for bituminous coal 90 deg 
and for lignite 60 deg. The secondary air is supplied through a 
spiral tube. In the rectangular burners shown in Fig. 90 the tube 
through which the air and fuel mixture is delivered consists of an 
elbow and a reducer with an iron bell mouth containing the de
flector. The secondary air is delivered through the tube encircling 
the reducer with the primary air. In this type of burner the move
ment and turning of the deflector, as well as the direction of 

■ secondary air flow are controlled.
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The amount of primary air delivered into a burner depends on 
the volatile content in the fuel being used. For anthracite and lean 
coals it is recommended to supply from 15 to 20 per cent of the 
total rated volume of air, and for lignites from 40 to 45 per cent 
in the form of primary air.

In circular burners using anthracites and lean coals the air 
velocity at the tip of the burner should be 12 to 20 m/sec and in 
burners using lignites from 20 to 26 m/sec. When rectangular 
burners are used instead of circular ones the air velocities are

Fig. 90. Rectangular burner (BI1K type)

correspondingly increased up to from 27 to 32 m/sec for all grades 
of coal.

When pulverized-coal furnaces are being started up or upon 
interruptions in the fuel supply the coal dust is ignited with fuel- 
oil or gas torches. The pulverized-coal flame is stable when the 
temperature of the combustion products leaving the furnace ranges 
from 950 to 1050 deg C and higher.

When bituminous coal with a volatile content exceeding 30 per 
cent is being burned in pulverized-coal furnaces muffle burners 
may be used for primary heating and for maintaining the required 
temperature in the furnace when the main burners are not being 
used.

Muffle Burners. A muffle burner (see Fig. 91) consists of a small 
surface-fired furnace with stationary or dumping grates, with no 
refractory surfaces in the combustion chamber. The furnaces of 
these burners are sometimes supplemented with nozzles to deliver
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coal dust over the fuel being burned on the grate. Muffle burners 
are installed on the walls of combustion chambers under the pul- 
verized-coalk burners. The heat output of muffle burners should 
comprise 20 to 25 per cent of the main furnace heat output. The 
rated liberation of the grate is 1 to 1.2 million kcal/m2-hr, and of 
the furnace space from 1.2 to 1.5 million kcal/m3-hr.

Fig. 92. Direct-fired pulverized-coal furnace
7 —shaft mill; 2 — air duct to mill; 3 —raw-coal chute; 4— mill shaft; 5 — embrasure; 5 —secon

dary air nozzles

Direct-fired Furnaces. These furnaces (see- Fig. 92) relate to 
units using a simplified form of coal pulverization. They are used 
to burn fuels with a high volatile content (over 30 per cent), in 
particular, lignites and shales. These furnaces consist of combustion 
chambers and shafts with rotor mills installed at their bottom. The 
shafts are usually installed before the front walls of the com
bustion chambers. The pieces of raw coal ranging from 15 to 25 mm 
in size are delivered by a feeder to the middle part of the shaft 
and thence onto the hammers of the rotor mills. Hot air is supplied 
upward through the shaft in a quantity amounting to 60 to 70 per 
cent of the total air required. The hot air entrains, dries, and car
ries the pulverized coal through a port in the front furnace wall 
called an embrasure. The shaft plays the part of a coal-dust 
separator and therefore only the finest particles are delivered to 
the furnace chamber. To entrain and discharge particles smaller 
than 0.5 mm in size the velocity of the air in the shaft is
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maintained within 2 to 3 m/sec. The air is admitted into the shaft 
through the mill either tangentially to the circumference of the mill 
rotor or axially—through the ends of the mill. The velocity of the 
primary air at the furnace entrance varies from 4 to 6 m/sec.

The secondary air is delivered to the combustion chamber 
through nozzles located above and below the embrasures. The 
velocity of the secondary air varies from 20 to 40 m/sec. At such 
velocities the secondary air mixes well with the coal dust carried 
by the primary air into the combustion chamber.

The temperature of the air delivered to the shafts depends on the 
primary moisture content of the fuel. For lignites with an initial 
moisture content of about 50 per cent the primary air is heated up 
to 400 deg C, and for drier coals the air is heated up to 250 to 
350 deg C. At the shaft exit the temperature of the air is maintained 
within 60 and 70 deg C, while the moisture content of the fuel is 
lowered to a value exceeding the hygroscopic moisture content by 
5 to 7 per cent.

The simple design of these pulverized-coal furnaces, the low 
power requirements of the equipment and its compactness have 
resulted in the widespread use of such furnaces in the U.S.S.R.

Shershnyev’s Pneumatic Furnaces. To burn milled peat and other 
coarsely milled fuels with a high volatile content (55 to 65 per 
cent) Shershnyev’s turbulent furnaces are used (see Fig. 93). In 
these furnaces peat, saw dust, husk and other types of fuel with 
particles up to 5 mm and over in size are burned.

The fuel is delivered to the furnace by the primary air, which is 
directed to the furnace through rectangular burners installed in 
the upper part of the front walls or in the ceilings of the precham
bers. The amount of the primary air ranges from 15 to 20 per cent 
of the total. The main mass of air (80 to 85 per cent) is delivered 
to the lower part of the furnace through special ejecting slots. 
This part of the combustion chamber has the form of a funnel with 
two vertical and two inclined walls. At the bottom of the funnel 
a small grating consisting of dumping or retractable grates is 
installed. The discharge velocity of the secondary air coming 
through the ejecting slots is from 30 to 40 m/sec for cold air and 
from 60 to 70 m/sec for hot air.

The secondary air delivered to the lower part of the combustion 
chamber lifts the fuel particles with a whirling motion along a 
curvilinear and therefore elongated path where combustion takes 
place. The fuel ash is almost completely carried off into the flues 
of the boiler unit. The largest pieces of fuel fall onto the grates 
through which, after these particles have burned out, the slag 
drops into the slag shaft. Shershnyev’s furnaces are employed in 
boiler units with outputs ranging from 4 to 75 t/hr.
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Cyclone Furnaces. Cyclone furnaces are designed in the form 
of double-chamber furnaces consisting of cyclone-type prechambers 
and second combustion chambers. The major part of the fuel is 
burned in the prechamber, while the gaseous products of incom
plete combustion are burned in the second combustion chamber. 
The second chambers also serve to cool the products of combustion 
to the temperatures at which there is no danger of slag formation 
on the convective heat-transfer surfaces. The prechamber is a cy
lindrical chamber located horizontally or vertically in respect to 
the second chamber (see Fig. 77). On one side of the prechamber 
there is a burner, usually of the spiral type, and on the opposite 
side—an end wall having an opening in the middle for the flow 
of the combustion products into the second chamber.

The diameter of the outlet port is usually 0.4 to 0.5 times the 
diameter of the prechamber. The primary air, constituting 15 per 
cent of the total, supplies the crushed fuel to the burner of the 
preliminary furnace with an outlet velocity of from 30 to 35 m/sec. 
The secondary air (85 per cent) is supplied tangentially through 
the nozzles located along the upper generatrix of the cylindrical 
prechamber over two thirds of its length. The velocity of the 
secondary air at the outlet ranges from 130 to 150 m/sec.

Fig. 94 shows the design of a type BK3-UKTH cyclone furnace. 
Since the port for discharging the gases from the prechamber is 
located in the central part of the end wall, the large pieces of fuel 
cannot reach it before combustion. The stream of air and gases 
presses these particles against the walls of the cyclone chamber. 
In such a combustion process the atomization and combustion of 
the fuels proceed very intensively.

The temperature of the gases is close to the theoretical one, and 
therefore liquid slag is formed. The molten ash flows down along 
the refractory walls of the cyclone furnace and thence through the 
tap hole into the reservoir of molten slag. Thus approximately 75 
to 90 per cent of the ash is removed. The remaining part of the 
ash partly falls out in the second chamber and is partly carried 
off into the flues. In cyclone furnaces the turbulent process of com
bustion permits to burn efficiently coarsely crushed coals.

7. Grate-fired Furnaces for Solid Fuel
Semitnechanized Furnaces with Stationary Grates. In small boiler 

installations equipped with boilers having an output of up To 
10 t/hr semimechanized furnaces with stationary grates are em
ployed. In old units one may meet furnaces with stationary and 
hand-fired grates and manual removal of fuel refuse. These instal
lations are very labour consuming and for this reason all newly
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Fig. 97. Hand-fired furnace with stationary horizontal grate for burning 
lignites with high moisture content
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constructed boiler installations incorporate arrangements and de
vices ensuring partial or complete mechanization of all the furnace 
processes.

For purposes of brevity we shall describe only two types of semi- 
mechanized furnaces which are emloyed to a considerable extent 
in the U.S.S.R., namely, furnaces with a sprinkler stoker and sta
tionary horizontal grates (Fig. 95), and hopper furnaces with 
inclined grates (Fig. 96).

Fig. 97 shows for comparison a hand-fired furnace which is still 
met with in some enterprises, though very seldom.

fl
Fig. 98. Flat firebars for furnaces with stationary grates

In all grate-fired furnaces the combustion chambers are divided 
over their height into two unequal parts. The ash pits are usually 
installed in the smaller, lower part, located under the grate, to 
remove the refuse from the furnace and to collect the small pieces 
of fuel that fall through the grate.

The space under the grate is used also as an air chamber 
designed to distribute the air directed to the fuel being burned on 
the grate. The furnace space, or furnace volume, is located over the 
grate in the upper, larger part of the combustion chamber, and 
here the gaseous volatile products which evolve from the fuel 
and the small fuel particles carried off from the fuel bed by the 
air and the combustion products are burned.

Flat firebars (Fig. 98) and deep firebars (Fig. 99) supported on 
iron or steel beams anchored in the furnace walls or the framework 
are used in furnaces with stationary grates. The best type of deep 
firebars is the nonfall-through type (Fig. 100) the use of which 
permits to considerably reduce riddling. Nonfall-through firebars 
are manufactured in the form of swivelling groups.

Fig. 95 shows a furnace with nonfall-through firebars together 
with a pneumatic and mechanical stoker. The spaces in and be
tween the bars serve to admit air to the fuel bed on the upper 
surface of the grate from the space under it. The percentage of the
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total area of all the spaces to the total surface of the grate is called 
its live cross-section.

In industrial boiler units grates with low live cross-section (5 to 
10 per cent) and nonfall-through grates are widely used. When 
such grates are used the air pressure-head losses are negligible

Fig. 99. Deep firebars for furnaces with stationary grates

and they usually do not exceed 10 per cent of the air pressure 
under the grate.

For levelling and raking the fuel bed the furnaces with station
ary grates described above are equipped with charging, or raking„ 
doors located from 200 to 300 mm above the grates. Each door 

serves a grate width of 1 to 1.2 m. It is good 
to employ grates from 3.5 to 4 m long when 
mechanized firing is used and from 1.5 to 2.1 m 
long with hand firing. The height of the furnace 
space should be at least 2 to 2.5 m, which 
reduces the amount of fuel particles being car
ried away Into the gas flues of the boiler.

The combustion of a fuel bed on a stationary 
grate is organized as follows. Fresh fuel is pe
riodically charged onto the burning layer of 
previously charged fuel. Air is delivered from 
the chamber under the grate. The combustion 

products of the previously charged fuel flow upwards through the 
layer of fresh fuel and heat it. The fresh fuel also gets heated by 
direct contact with the burning layers of fuel. The raw fuel is 
heated, dries, and then gaseous volatile matter starts to evolve 
and immediately ignites, part of it burning in the layer and part 
over it. At this moment the coke of the previously charged fuel 
burns up and ash with pieces of unburned coal remains on the 
grates. In other words, on stationary grates various phases of 
combustion take place simultaneously, viz., heating, drying, evolv
ing and ignition of gaseous volatile matter, active burning of 
coke and its burning up in the refuse.

Fig. 100. Nonfall- 
lhrough firebars 
for furnaces with 
stationary grates.
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Fig. 101 shows the arrangement of the conditionally separated 
layers of slag, coke and fresh fuel on a grate for a stable com
bustion process. The process of combustion with coinciding phases 
is often called nonphase combustion. It is impossible to ensure an 
efficient phase-to-phase control of the air draft during combustion, 
since various amounts of air have to be provided to carry out the 
separate phases of the combustion 
process.

The amount of air for which the 
total heat losses in the boiler are the 
least has been determined experi
mentally. The excess-air coefficient 
corresponding to this amount of air 
is called the optimal one. The aver
age optimal excess-air coefficient for 
furnaces with stationary grates 
ranges from 1.4 to 1.6 and it is the 
highest one in comparison with the 
■excess-air coefficients of more pro
gressive mechanized furnace instal
lations. The higher figure (1.6) re
lates to ungraded anthracites and lean coals, the lower one (1.4) 
to graded anthracites and bituminous coals with a high volatile 
content. It should be noted that the above-mentioned value of the 
excess-air coefficient includes the air sucked into the furnace 
space through the charging doors.

The charging of fresh fuel onto a burning fuel bed also has 
positive features. In this case bottom ignition takes place. When 
an increased volume of air is supplied and bottom ignition is 
used, the flame does not break away from the burning fuel, thus 
permitting to intensify the process of combustion in special high
speed furnaces.

When fuels with a low volatile content are burned in stokers 
there is a sharp temperature rise in the fuel layer. In many cases 
the temperature of the fuel layer is higher than the fusing temper
ature of the ash, so that the latter melts and flows down to the 
grates. The spaces in the grates may become sealed with molten 
ash (slag). To eliminate this possibility a thin layer of cold slag 
taken from the ash pit is spread over the grate when lighting the 
fire. In this instance the molten slag flows down onto the layer 
of cold slag and solidifies on it in the form of a porous layer. The 
slag protects the grates from overheating and due to its porosity 
provides good distribution of the air delivered to the fuel bed. 
The air gets heated upon passing through and cooling the slag, 
thus intensifying combustion of the fuel. It is not good practice

Fig. 101. Distribution of layers 
of slag, coke and fresh fuel on 
grate with stable combustion

/  — f i r e b a r s ;  / /  — s l a g ;  / / /  — c o k e ;  
I V - f r e s h  f u e l ;  V — c o m b u s t i o n  p r o d u c t s
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to have a slag layer on the grates over 200 to 300 mm thick, since 
this may, cause a significant increase in the resistance of the 
layer, thu£ hampering the supply of air.

Furnaces with stationary grates are periodically cleaned of slag 
and ash. In old types of installations the slag is removed from 
the furnace through the charging doors to the operating area, 
thus considerably hampering their servicing. In more progressive

Fig. 102. Pneumatic stoker
] — hopper; 2 — feeder; 3 —distributing plate; 4 —manifold with nozzles for delivering air

furnace designs the slag is removed from the grates directly 
into bunkers, located under them, by revolving two or three fire
bars (Fig. 97). In modern furnaces the grate can be dumped by 
sections, thus facilitating furnace operation (Fig. 95). Bituminous 
coal is distributed in stationary boiler units with stationary 
grates by means of mechanical and pneumatic stokers.

When purely mechanical stokers are used the fuel is unevenly 
distributed over the grate. The larger pieces of fuel are thrown 
to the end of the grate and the smaller ones drop near the stokers.

In pneumatic stokers (fug. 102) the kinetic energy of an air 
stream delivered by a fan to an air-distributing manifold is used



FURNACES 233

instead of the impact force of the stoker blades. From the charg
ing hopper the coal is delivered by a drum feeder onto an in
clined plate. The air from the manifold is directed through 
nozzles toward the fuel and throws it off the plate onto the grate 
located from 400 to 800 mm below the air nozzles. The velocity 
of the air discharged from the nozzles ranges from 60 to 90 m/sec. 
With pneumatic stokers the fuel is also distributed unevenly, but 
in this instance the larger pieces of fuel falj near the stoker and 
the smaller ones are carried away to the end of the grate.

The fuel will be distributed more uniformly by combining in 
one uni{ the mechanical and pneumatic stokers. Such combined 
units are called pneumo-mechanical stokers (Fig. 95). These 
stokers are the ones used to the greatest extent in the U.S.S.R.

Any type of sprinkler stoker is efficient from the operating and 
economical points of view when coals with a high volatile content 
are used. It is not expedient, however, to use sprinkler stokers 
when anthracites and lean coals are being burned due to the 
sharp increase in the heat losses caused by incomplete mechani
cal combustion as a result of fine fuel particles being carried away 
into the gas flues of the boiler.

Hopper Furnaces. Hopper furnaces are designed for coals with 
a low heating value having a high specific volume and a high 
moisture content. In this type of furnaces lump peat, wood and 
some types of lignites are fired. The use of hopper furnaces in 
small boiler units instead of hand-fired furnaces with horizontal 
grates reduces the labour required for charging the coal, i.e., the 
operation is partly mechanized.

In hopper furnaces designed to burn peat in lumps (Fig. 96) 
the sloping firebars are inclined at an angle of 45 to 50 deg. 
Usually two rows of such firebars are installed. Besides the 
sharply sloped firebars one or two more rows of either horizontal 
or slightly inclined firebars are installed ui these furnaces. The 
horizontal firebars are placed below the sloped ones and are a 
natural elongation of the grate. The sloped firebars are of the 
plate type with oblong openings and an increased live cross-sec
tion (20 to 30 per cent). Through these oblong openings the slag 
is periodically cut and removed.

Air is delivered to the grate by zones. The first and second zones 
are located in the area of the firebars with a sharp slope. In 
these zones the peat is heated and dried at its surface, and it is 
partly ignited, a small amount of air being therefore supplied to 
the first two zones. The third zone is located under the horizontal 
firebars. Here the main combustion takes place, and that is why 
the maximum amount of air is delivered under the horizontal 
firebars. Usually air is supplied to this zone at a pressure of 40
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to 60 mm water column. Air is sucked into the first two zones 
by means , of the vacuum created by the draught installations.

Furnacos with sloped grates, inclined in respect to the heating 
surface of the boiler, are usually of an externally-fired type. This 
permits to increase the temperature of the gases in the combus
tion chamber and to ensure stable combustion of peats and lig
nites with a high moisture content.

The peat is charged into the hopper furnace through a fuel 
hopper and a pit under it. As the lower layers bum out the peat 
moves downward in the pit and then under its own weight along 
the sloped firebars, thus considerably lightening the work of the 
fireman. Depending upon the initial moisture content and the 
size of the lumps of peat the required height of the fuel charge 
(400 to 800 mm) is ensured by the intercepting vault of the 
furnace. High vaults are used when peats with a larger moisture 
content and with a low content of fines are being fired.

The separate supply of air by zones in accordance with the 
phases of combustion, as well as the continuous process of charg
ing and transporting the peat in the pit permit to ensure more uni
form and economical combustion as compared to furnaces with 
horizontal grates. One of the drawbacks of hopper furnaces is 
their increased heat-accumulating properties due to the large 
amount of fuel in the furnace, which lowers the manoeuvrability 
of the boiler unit upon load variations. In this type of furnace 
cleaning is carried out at most once a day with dumping of al
most the entire mass of peat to remove the lumps of slag adher
ing to the firebars and to the furnace lining. The main mass of 
slag is removed from hopper furnaces at comparatively short in
tervals without considerably spoiling the firebed.

When wood waste is being burned the slope of the firebars 
in the first and second zones is reduced. When lignites are fired 
sloped plates are used with a stepwise arrangement.

Mechanical Stokers with Travelling Grates. The most modern 
completely mechanized equipment used in fuel bed firing are 
chain-grate stokers. Other types of mechanical stokers for fuel 
bed firing which include, in particular, moving ram stokers are 
less widespread and have a lower efficiency, and therefore are 
not considered in this concise course of heat engineering.

Chain-grate stokers consist of a continuous chain mounted on 
guide pulleys and sprockets secured on the front and rear shafts 
of the grate. Fig. 103 shows a longitudinal section of a chain 
grate assembled of nonfall-through firebars. The driving part of 
the chain grate consists of several parallel slat chains with rollers 
between them mounted on the sprockets of the front shaft and the 
pulleys of the rear shaft. The grate rollers rest on the guiding
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bars of the supporting beams and move along them. The rear 
shaft is the driven shaft and the front shaft is the driving one 
connected- to an electric motor through a reduction gear and a 
gearbox. *The speed of the chain grate can be varied from 2 to 
25 m/hr. Four blower boxes with control valves are installed 
within the frame supporting the chain grate. The grates are manu
factured with left- and right-hand air delivery to the blower 
boxes.

Fig. 104. Slag remover and position of firebars when passing over pulley
of rear shaft

/  — endless chain; 2 — nonfall-through firebars; 3 — slag remover

Chain grates over 3 metres wide are made with double-sided 
air delivery. The grates are made with water-cooled panels in
cluded in the circulating system of the boiler unit. The panels 
are installed on the side walls of the combustion chamber at the 
level of the fuel bed, thus protecting the lining from damage. The 
nonfall-through firebars are in the form of small iron bars fastened 
in the holders between the endless chains so that each of them 
partly overlaps the next one like the scales of a fish.

When the firebars move over the pulleys of the rear shaft of 
the grate those in the holders turn and the clearance between 
them increases, so that the adhering slag is partly removed from 
them. To improve operation of the tail end many types of grates 
are equipped with slag removers.

Fig. 104 depicts a slag remover and firebars when they are mov
ing over the pulley of the rear, grate shaft. The sliding of the slag 
from the firebars is retarded to a certain extent by the slag remov-
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ers, this resulting in a thicker layer of slag at the tail end of the 
grate, that promotes more efficient burning up of the carbon in the 
refuse. The slag pits into which the refuse falls are located be
hind the slag removers. Supplementary pits are provided next to 
the slag pits under the grates for the disposal of slag and un
burned coal that did not fall into these pits. When the lower part 
of the endless grate passes over the slag pits the firebars cool, 
this having a favourable influence on their service life. A hopper, 
of medium capacity with a sector gate to stop the supply of fuel 
to the grate is located over the upper front part of the grate. The 
thickness of the fuel bed and the quantity of coal are controlled 
by means of a lifting gate which is installed over the grate next 
to the charging hopper.

In chain-grate stokers the fuel bed moves together with the 
grates, in other words, the coal layer is stationary relative to the 
grates. The fuel charged onto the front part of the chain grate 
upon moving to the rear of the combustion chamber consecutively 
passes through the following phases of combustion: heating, dry
ing, decomposition into volatile matter and coke, the separate 
burning of the combustible gases and the. coke, and the burning 
up of the carbon in the refuse. The greatest amount of air is 
required for the combustion of volatile matter and coke, and the 
smallest amount for heating and drying the fuel and burning up 
the refuse.

Air delivery by zones makes it possible to control the amount 
of air supplied to the various phases of the process, thus permit
ting in chain-grate stokers to burn the fuel in the bed with less 
excess air than in hand-fired or semimechanized stationary grate 
furnaces.

In chain-grate stokers the fuel ignites mainly due to the heat 
emitted by the layer of gases in the combustion chapiber. Heat 
transfer by convection is of lower significance. When combustion 
chambers are designed attention is paid to the form of the lining, 
to ensure good mixing of the combustion products and better heat 
transfer from the gases to the fuel bed. For example, when using 
anthracites, i.e., coals with a low volatile content and a high ig
nition point, a low sloped vault is installed over the rear part of 
the grate (Fig. 105). The front vault, on the other hand, is lifted 
upwards to increase the thickness of the layer of furnace gases 
emitting heat to the anthracite fuel bed. Such an arrangement of 
the vaults facilitates concentrating of the high-temperature gases 
of the active combustion zones at the front of the furnace, thus 
improving heat transfer from the gases to the cold layer of raw 
fuel. Improved mixing of the oxidizer with the combustible gases 
carried out from the fuel bed to the furnace space is obtained.
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besides using vaults of the form described above, by means of 
secondary air (ranging from 10 to 15 per cent of the total amount 
of air supplied) being admitted through nozzles which are usually 
installed in the upper part of the front and rear vaults. This 
secondary air is delivered at a speed of 40 to 60 m/sec, which im
proves the turbulence of the gas flow and promotes more com
plete combustion of the gases.

If fuels with a very high moisture content are to be used chain- 
grate stokers are supplemented with drying pits. Fig. 106 shows 
a prechamber furnace designed by the Soviet scientist Prof*

Pig. 105. Shape ol combustion chamber for burning anthracite on chain-grate
stoker

T. F. Makaryev in the form of a pit with a series of firebars 
arranged in steps to dry lump peat. This is done by the heat 
evolved from the combustion products of the peat that is burned in 
the firebeds formed on the stepped firebars of the prechamber. 
From 10 to 15 per cent of the total rated amount of air is sup
plied to the firebeds to maintain the process of combustion in them. 
The thickness of the fuel bed is controlled by the position of the 
lower ram.

It has been found experimentally that the optimal thickness 
of the peat bed ranges from 400 to 600 mm and in some cases 
reaches 800. The higher the moisture content of the peat and the 
larger the size of the lumps, the greater may the thickness of the 
fuel bed be.

The thickness of the fuel bed also depends on the available 
air pressure head in the furnace. The higher the available pres
sure head, the greater may the thickness of the fuel bed be. For 
hard coals it ranges from 80 to 180 mm and for brown coals 
from 150 to 350 mm.



Fig. 106. Makaryev’s peat firing preliminary furnace
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The tolerated liberation of the live grate area for chain grates 
ranges from 700 to 800 thous. kcal/m2-hr when ungraded anthra
cites are ' £>eing fired. The maximum liberations are permissible 
when lump peat is burned in furnaces equipped with fuel drying 
shafts (1,500 to 1,900 thous. kcal/m2-hr). For graded fuels the 
optimal excess-air coefficient is equal to 1.3. When ungraded 
fuels, i.e., fuels with various lump sizes are being fired the excess- 
air coefficient is taken equal to 1.5.

The burning process in these furnaces is intensified by heating 
the air up to 150 to 200 deg C. The lower temperature relates to 
anthracites, the higher one to bituminous coals with a higher 
volatile content and to lump peat.

It should be noted that furnaces with chain grates have certain 
drawbacks, namely, they are not supplied with devices for mixing 
(or rabbling) the fuel bed when fuels with strong caking proper
ties and high ash content are used, and they have a specific design 
making it essential to burn only those fuels that have the same 
fractional composition.

Notwithstanding the above-mentioned drawbacks, the advant
ages of furnaces with chain grates are so significant that these 
furnaces are receiving a more and more widespread use, and are 
gradually replacing the remaining types of fully mechanized fur
naces.

Furnaces with chain grates are employed in steam boiler units 
with capacities ranging from 4 to 20 t/hr and in some cases in 
boilers with a higher rating.

When lump peat is burned and prechambers designed by the 
Soviet scientist Prof. Makaryev are used the rating of boiler units 
equipped with chain grates sharply increases and ranges from 
150 to 200 t/hr.
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1. General Information and Parameters
Boiler Units. A boiler unit is a device designed to generate 

steam at a pressure above 1 atm for consumption elsewhere. 
A boiler unit consists of a steam generator, or boiler proper, and 
a number of auxiliary heating surfaces designed for heating the 
air and feedwater, as well as for superheating the steam. These 
auxiliary heating surfaces are respectively called air heaters, 
water economizers and steam superheaters. Besides, the equip
ment of boiler units includes furnaces for combustion of the fuel, 
linings, frames, measuring and control instruments and other de
vices.

The first steam generators were made without any auxiliary 
heating surfaces and were called steam boilers. At present this 
name is sometimes used to designate a modern steam boiler 
unit.

Capacity of Boiler Units. The amount of steam, measured in 
tons or kilograms per hour, generated by a boiler unit for a long 
period of time at the maximum boiler efficiency is called the rat
ed capacity of the boiler unit and is denoted D.

In respect to capacity boiler units may be classified into small 
(up to from 4 to 6 t/hr), medium (10 to 75 t/hr), high-capacity 
(100 to 420 t/hr) and superhigh-capacity units (above 600 t/hr).

Steam Pressure and Temperature. In respect to pressure boiler 
units are divided into low-pressure (8 to 13 atm gauge), medium- 
pressure (22 to 39 atm gauge), high-pressure (60 to 125 atm 
gauge) and superhigh-pressure (above 150 atm gauge) units.

Heating Surface. By the heating surface of a boiler unit is 
meant the geometrical surface of the boiler tubes, headers and 
boiler drums exposed to flue gases on one side, and water, steam- 
water mixture, steam or air on the other side.

The area of the heating surface of boilers, economizers and su
perheaters is measured on the flue side, and the surface of air 
heaters by using the mean diameter of the tubes comprising 
the unit.

Water and Steam Spaces of a Boiler. For acquaintance with the 
names of the component parts of boilers, Fig. 107 shows a dia-

16-814



242 BOILER INSTALLATIONS

grammatic view of the simplest cylindrical boiler of the type built 
during the . first years of boiler construction development. The 
boiler is a'horizontal cylindrical vessel up to 2.5 m in diameter and 
up to 10 m long. .Two thirds of the boiler volume are filled with 
water and the upper third with steam. The upper section of

Fig. 107. Diagram of cylindrical boiler
1 — brick lining; 2 —blowdown valves; 3 — boiler wall; 4 —water space; 5 —feed duct; 6 — fire 
line; 7 —low water-level line; 8 — heat Insulation; P —high water-level line; 10 — nonreturn and 
gate valves of feed pipe; / /  — steam space; 12 — perforated steam pickup tube; 13— steam dome; 
/ / —main steam valve (shut-off valve); 15 — safety valve; 16 — pressure gauge; 17 — water 
gauge cocks; 18 — water gauge; 19 — surface of actual level of steam-water mixture In boiler 
drum; 20 — surface of Active or weight level of steam-water mixture In boiler drum observed

on water gauge glasses

the drum is utilized for the natural separation of the steam from 
moisture.

The surface of the water separating the steam and water spaces 
of the boiler is called the evaporation surface, designated Fes and. 
measured in square metres. The water and steam spaces of boil
ers are measured in cubic metres and are designated respectively 
Vw and Vst-

The ratios of the volume of steam generated in the boiler per 
hour to the area of the evaporation surface or to the boiler steam 
space are called respectively the rate of steam generation per
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unit of evaporation surface or per unit of steam space.

—  m3/m2; (4-75)
r  es

~ - m3/m3; (4-76)
v st

where v =  specific volume of steam, m3/kg.
Fire Line. The line marking the highest level of exposure of the 

boiler heating surface to the flue gases is called the fire line. 
According to U.S.S.R. Standards, the fire line must be located 
at least 100 mm below the lowest water level in the boiler drum. 
This regulation is connected with the necessity of ensuring reli
able operation of steam boilers. Due to the low wall-to-steam heat- 
transfer coefficient, heating of the steam space of the boiler may 
result in overheating of the steel walls and a reduction in their 
strength. That is why it is prohibited.

Lowest and Highest Permissible Water Levels. In drum boilers 
besides the lowest water level, which is related to the fire line, 
the upper water level is also controlled. The location of the high
est water level depends on the diameter of the boiler drum and 
quality requirements which the generated steam must meet. The 
higher the purity of steam required, the lower the upper water 
level should be maintained. In most modern drum-type boilers the 
difference between the lower and upper levels ranges from 200 to 
250 mm. The variation in water level is controlled with the aid 
of water gauges. In small low-pressure boilers, besides water 
gauges, the water level is controlled with the aid of water gauge 
cocks. In modern drum boilers, besides the water gauges, various 
audible and light signals and remote-control water-level gauges 
are employed.

Circulation of Water in Steam Boilers. The strength of boiler 
steel decreases with a rise in its temperature, therefore reliable 
functioning of the heating surfaces is determined by the temper
atures to which the metal of the tubes, headers and drums is 
subjected. Each grade of steel is characterized by a maximum per
missible temperature, and work at temperatures exceeding it may 
result in deformation of the steel. The maximum permissible tem
perature of conventional grades of carbon steel is 450 deg C, 
while a maximum temperature of from 500 to 650 deg is considered 
permissible for certain grades of alloy steel. In many flue 
passes of boiler units the temperature of the combustion products 
is considerably higher than the established maximum permissible 
temperature with a view to metal strength. The heating surfaces 
of a boiler must therefore be continuously and intensively cooled.

16*
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The tubes, headers and drums of steam generators, as well as 
economizer tubes, are cooled with water or a water-steam mixture. 
The steady and continuous motion of water or a water-steam mix
ture along the circuits of a boiler unit is called circulation. Two

kinds of circulation are distin
guished in boiler units, viz., natur
al and forced. Forced circulation is 
provided with the aid of pumps, 
while natural circulation is due 
to gravitational forces caused by 
the difference in the specific gravi
ties of water and a water-steam 
mixture.

A natural circulation circuit 
(Fig. 108) consists of several heat
ed and nonheated tubes joined 
together by headers. Tubes in 
which water flows downwards are 
called downcomers, and tubes 
with an ascending water flow, 
risers. The circuit shown in the 
figure is a closed one, therefore 
the mass rate of water flow in the 
downcomers is equal to that of 
the water-steam mixture in any 
section of the risers. The difference 
in the weights of the columns of 

water and of water-steam mixture that causes natural circula
tion is called the gravity head

Pgk =  H (id ~  Tm) kg/m2, (4‘77)

where \d and ym = specific gravity of the water in the downcomer 
tubes and mean specific gravity of the water- 
steam mixture in the risers, kg/m3;

H = height of the water-steam mixture column in 
the circulation circuit, m.

The gravity head is used to overcome the hydraulic resistances 
to flow in the downcomers and risers of the circulation circuit:

Pgh =  (*Pr +  *Pd) kg/m2- (4-78)

The difference between the gravity head and the resistance to 
flow in the risers is called the efficient head:

P eh= P en - ^ P r  =  W d ^ l ™ 2-

Steam  ou tle t

Fig. 108. Natural circulation of 
water in water-tube boiler

(4-79)
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The reliable performance of boiler tubes depends not only on 
the difference in the weights of the columns of fluids, but also on 
a number of other characteristics determined by operating condi
tions. For example, the reliable cooling of the metal may be dis
rupted by sludge or scale being deposited on the heating surfaces 
of the tubes exposed to feedwater. Insufficient cooling of tubes 
may also be due to separation of the water-steam flow in horizon
tal or slightly inclined tubes. Insufficient cooling is also observed 
in tubes being heated that are surrounded by steam flowing at 
small velocities, this taking place in cases of disrupted circulation 
and the formation of a so-called free level.

A free level is formed in risers heated in their upper section 
and connected to a circuit containing tubes uniformly heated along 
their entire length. In this case the risers heated only at the top 
will be but partly filled with water, and the upper sections of such 
tubes will contain steam. The water level formed in this way is 
called a free level; its position depends on the heating conditions 
to which the slightly and heavily heated tubes of the circuit under 
consideration are subjected. Steam is formed in the circulation 
circuits of boiler units. The ratio of the weight of water passing 
through the circulation circuit to the amount of steam generated 
in this circuit is called the rate of circulation:

K = % - .  (4-80).

To ensure the reliable operation of boiler units the rate of cir
culation must have a certain minimum value, greater than unity.

In three-drum boilers operating under a medium steam pressure 
the rate of circulation should be taken from 40 to 45.

The rate of circulation in boilers with a capacity up to 10 t/hr 
is raised in many instances up to 150 to 200.

In modern superhigh-pressure boilers the rate of circulation is 
taken equal to 6 to 8.

Boiler Blowdown. The water fed into steam boilers is called 
feedwater and usually contains large amounts of dissolved salts 
(100 mg/1 and more), except for high-pressure and superhigh- 
pressure boilers wherein feedwater is used containing almost no 
salts. The steam generated in the boilers carries away into the 
steam pipes, superheaters and engines or turbines relatively small 
amounts of salt, and the latter therefore accumulates in the boiler 
water.

The tolerated concentration of soluble salts in the boiler water of 
boilers having furnaces provided with waterwalls does not usually 
exceed 2,000 to 3,000 mg/1.
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The concentration of soluble salts in the boiler water is reduced 
and the sludge formed is removed from boilers by replacing part 
•of the boiler water with feedwater. This process is called blowdown 
of the boiler.

In respect to time blowdown may be continuous or periodical. 
Periodical blowdown is used exclusively in low-pressure small- 
capacity boilers, where there are no strict quality requirements for 
“the steam generated therein. Periodical blowdown is performed, 
every 6 to 8 hours.

In medium- and high-pressure high-capacity boilers both the 
continuous and periodical methods of blowdown are employed.

Since a considerable amount of heat is lost with the blowdown 
water, the amount of water rejected must be carefully controlled. 
The total amount of water rejected in continuous or periodical 
blowdown usually constitutes not more than 3 to 5 per cent of the 
boiler capacity.

Continuous blowdown is performed from the upper boiler drums 
where the concentration of soluble salts is considered to be max
imum. Periodical blowdown is performed from the lower drums or 
headers where the maximum amount of sludge accumulates.

Carry-over of Boiler Water by Steam. The main reason for the 
contamination of steam with soluble salts in boilers operating 
under a steam pressure up to 60 atm consists in the carrying over 
of drops of boiler water containing an increased concentration of 
salts.

There are two kinds of carry-over: fine and coarse.
Fine carry-over comprises the most minute drops of water uni

formly distributed in the steam flow. Its absolute value is small, 
therefore no special measures are taken to reduce the fine carry
over in industrial boilers.

Coarse carry-over is characterized by uneven distribution of the 
drops of boiler water over the cross-section of the steam stream. 
This is observed, for instance, in boilers where the water-steam 
mixture formed in the waterwall tubes is admitted into the steam 
separating space of the boiler unit in concentrated local flows. 
This kind of carry-over removes a considerable amount of water 
from the boiler drum and, therefore, most boilers usually incorpo
rate equipment designed to reduce coarse carry-over.

Slugs of Boiler Water. The carry-over of slugs (gulps) of boiler 
water differs from the fine and coarse carry-over in that relatively 
large quantities of water are carried over in a short time by the 
.steam into the superheaters, steam pipes and engines or turbines 
which may be the result, for instance, of a sharp drop in steam 
pressure due to a sudden increase in boiler load. The carry-over of 
ilugs of boiler water lasts several seconds. In heat power installa-
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tions not fitted with high-capacity water separators the slugs of 
boiler water may bring about engine failure. In small heating and 
power installations the water is removed from the steam by means 
of water separators in which the steam is cleaned by changing 
the direction of flow of the steam-water mixture and by reducing 
the velocity. In medium-size and large steam power installations 
the carry-over of large quantities of water is prevented with the 
aid of automatic regulators that level out the variations in ope
rating conditions due to a change in boiler load.

Critical Boiler Loads and Critical Salt Content in Boiler Water. 
Their Influence on the Quality of Steam Generated. The relation 
between boiler load and the wetness of generated steam has been 
established by experiment. The wetness of the generated steam 
increases with a rise in boiler load. The rate of increase in steam 
wetness varies. With small and medium boiler loads an increase 
in the load causes a small uniform increase in the wetness of the 
generated steam within 0 to 0.03 per cent. With a further increase 
in boiler load a period sets in during which the rate of increase 
in steam wetness sharply rises. A similar relation has been found 
to exist between the salt content of boiler water and that of steam. 
At the rated boiler load the salt content of steam increases with an 
increase in the salt content of the boiler water.

The boiler load at which an abrupt transition from one wetness 
to another takes place is called the critical load. The salt content 
of boiler water at which a sudden transition from a slight to a 
large salt content takes place is accordingly called the critical 
content. It is advisable that boilers be operated under'conditions 
of subcritical load and salt content constituting about 80 per cent 
of the critical ones.

Swelling and Foaming of Boiler Water. The increase in the space 
occupied by the water in the boiler drum due to the passage of 
steam bubbles through the water is called swelling.

The accumulation of a large number of stable steam bubbles on 
the boiler water surface is known as foaming. This phenomenon is 
observed when foam-forming substances get into the boiler water. 
These substances include certain salts and organic compounds.

Swelling and foaming bring about a rise in boiler water level, 
thereby reducing the natural separation space of the boiler drum, 
and in many instances this has a negative influence on steam 
purity.

Due to swelling or foaming the water level observed in the water 
gauges is lower than the actual level of the steam-water mixture 
in the boiler drum. The level indicated by the water gauges is 
called the weight or fictive level, while the level of the steam-wa
ter mixture in the drum is known as the real level. In modern.
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boiler drums the difference between the real and Active water 
levels reaches 100 and even 200 mm in some cases.

Separating Devices. All devices designed to reduce the content 
of water in the generated steam are called separating devices.

In drum-type boilers the steam space is the primary separating 
device. The quality of the generated steam improves with an in
crease in height of the separating drum, with an increase in the 
number of inlets for the steam-water mixture and with an increase 
in the uniformity of flow of the steam-water mixture through each 
of the inlqts.

The velocity of the individual streams of the water-steam mix
ture as they enter the steam space in the separating drum is of 
no less importance as far as steam quality is concerned.

The tendency in designing separating devices is to reduce the 
Inlet velocity of the steam-water mixture to from 3 to 5 m/sec, to 
damp the kinetic energy of the streams, and to have the evaporat
ing surface and steam space of the boiler drum operate under the 
most uniform possible rates of steam generation.

Separating devices include separating and guiding baffles, cy
clones and other equipment.

Depending on the arrangement of the separating devices in 
respect to the upper drums of boilers they are divided into external 
.and internal separating devices.

Among others, internal separating devices include perforated 
tubes 12 located in the upper section of the steam space of a boiler 
drum, as shown in Fig. 107. The perforations are in the upper 
section of the tube and have a diameter from 10 to 20 mm. The 
number of perforations is designed for a steam velocity of about 4 
to 6 m/sec. The steam separated from water flows through the holes 
in the perforated tube from the boiler drum into the steam pipe. 
The change in the direction of the steam flowing at a low velocity 
facilitates the separation of water.

External steam separators are located outside the boilers. One 
of the simplest external separators employed in low-capacity boil
ers is small cylindrical vessel 13 mounted on top of the boiler 
drum. In an external separator of this type the water is separated 
from the steam due to the change in the velocity of the steam at 
the cylinder inlet and inside the cylinder (Fig. 107).

Stage Evaporation of Boiler Water. To make it possible to gen
erate pure steam while keeping the blowdown rate at a minimum, 
the Soviet scientist Prof. Romm suggested that stage separation 
be practised in boilers fed with water having a considerable salt 
-content.

In boilers with stage evaporation the heating surface is divided 
into two or three unequal sections.
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The feedwater is pumped only into the first section of the boiler, 
the heating surface of which constitutes about 70 to 80 per cent of 
the total heating surface. The blowdown from this section flows 
under gravity into the second section, serving as feedwater for 
the latter. The blowdown from the second section is directed into 
the third section, and only from this section is the blowdown 
rejected into the sewerage.

Steam is generated in each of the sections independently. The 
largest amount of steam (60 to 80 per cent) is generated in the 
first section, i.e., from the purest water, and smaller amounts in 
the second and third sections. The described method of organizing 
water feeding in a boiler unit is called stage evaporation. It allows 
to improve the quality of the steam generated with comparatively 
low blowdown rates.

In high-pressure and superhigh-pressure boilers, in addition to 
thorough feedwater treatment, the amount of dissolved salts in the 
steam is reduced by having the saturated steam washed, passing 
it for this purpose through a layer of feedwater.

Boiler Fittings. In operation boilers are supplied with feedwater, 
the generated steam is removed to consumers and blowdown water 
is discharged from the boiler. The water or steam flows are con
trolled or shut off with the aid of devices called fittings. The latter 
operate on the principle of changing the cross-sectional area of the 
pipes along which the water or steam flows, thereby regulating the 
rate of flow or shutting it off completely.

According to their designation fittings are divided into three 
groups: shut-off, regulating and safety fittings. Fittings for low- 
pressure duty are made of iron or bronze, and for medium- 
and high-pressure duty, of steel. In respect to their design fittings 
are divided into actuated and self-acting ones. The former include 
cocks, gate valves and wedge valves. Self-acting fittings include 
safety valves and nonreturn valves.

Other boiler mountings, such as water gauges and pressure 
gauges, are also conditionally considered as fittings.

Gate and wedge valves are used both for shut-off and regu
lating service. Gate valves (Fig. 109) are used in a shut-off valve 
capacity for passages with small diameters (up to 100 to 
150 mm). Pipes with larger diameters are fitted with wedge valves 
(Fig. 110).

Nonreturn valves (Figs. I ll  and 112) permit water to flow in 
one direction, and close automatically if the flow is reversed.

A safety valve is a shut-off fitting that automatically opens, 
when the pressure rises above the permissible value and that 
closes again when the pressure drops. When a safety valve opens 
the steam or water filling the vessel or pipe on which the valve.



Fig. 109. Gate valve Fig. 110. Wedge valve

Fig. 111. Spring-loaded nonreturn Fig. 112. Nonreturn valve for ver-
valve (lowers under action of spring) tlcal installation (closes by gravity)



Fig. 113. Lever-type safety valve
/  — body; 2 — valve; 3 —stem; 4 — lever with weight

114. Spring-loaded 
safety valve

Fig. 115. Pulse-type safety valve
-steam main; 2 —pulse lever valve; 3 — malm 

va'.ve
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is mounted discharges into the atmosphere through exhaust or 
drainage devices causing a reduction in system pressure.

There arfe lever-type (Fig. 113), spring-loaded (Fig. 114) and 
pulse-type (Fig. 115) safety valves. In safety valves of the pulse 
type an increase in pressure first causes a small pilot valve to 
open. The steam passing through this pilot valve acts on the piston 
of the main, or master, valve and opens it. Soviet regulations 
require that at least two safety valves be mounted on each boiler, 
namely, one control and one operating valves. These valves must 
open when the pressure rises by 3 to 5 per cent above the tolerated 
value.

2. Development of Natural-circulation Boilers
The industrial development of boiler building commenced with 

low-pressure cylindrical boilers (Fig. 107) with a capacity rang
ing from 1.0 to 1.5 tons of steam per hour. Cylindrical boilers 
require a large quantity of steam for their manufacture and have 
.a low efficiency.

Fig. 116. Boiler with two inter
nal flues

Fig. 117. Smoke-tube boiler

With the development of industry and an increasing demand for 
■steam, and also due to the need for steam of a high pressure and 
temperature, boiler builders started developing boilers of a higher 
capacity and more perfect design, first fire-tube and somewhat- 
later water-tube boilers. In boilers of both types the principal 
heating surfaces are tubes the employment of which permitted 
boilers of a higher strength to be constructed.

In fire-tube boilers, the manufacture of which was mastered over 
100 years ago, the flue gases flow inside tubes the outer surface 
of which is exposed to water.

In water-tube boilers, conversely, the water is in contact with the 
inner surface of the tubes, while their outer surface is exposed to 
the flue gases. Both fire-tube and water-tube boilers are widely



Fig. 118. Locomobile boiler, model CK-1‘25

Fig. 119. Low-capacity vertical boiler, model 13K-1M
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used in the U.S.S.R. Fire-tube boilers are employed in small-ca
pacity installations (up to 2 to 5 t/hr per unit), and water-tube* 
boilers—inkmedium- and high-capacity ones.

Fig. 120. Shukhov horizontal water-tube boiler

Fig. 121. Shukhov-Berlin horizontal water-tube boiler
/  — tubes of heating surface; 2 — header for tube fastening; J  —tubes for carrying away waters 

steam mixture; •/ — boiler drum; 5 —downcomers for feeding water Into lower headers

Fire-tube boilers include ’boilers with two internal flues.
(Fig. 116), boilers with smoke tubes (Fig. 117) and combined;
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(internal-flue and smoke-tube) boilers. Soviet boiler-building 
works are producing several types of combined boilers. Among 
these are locomotive and locomobile boilers (Fig. 118), and small- 
capacity vertical boilers (Fig. 119).

Water-tube boilers are classified into horizontal (Figs. 120 and 
121) and vertical (Figs. 122 and 123) units.

Apart from natural-circulation water-tube boilers, uniflow water- 
tube boilers with forced circulation are finding ever increasing 
application in the U.S.S.R. Uniflow boilers are being manufactured 
mostly for district power plants requiring high-capacity boiler 
units generating steam at high and superhigh pressures.

Fire-tube Boilers
Internal-flue Boilers. The first to replace cylindrical boilers 

were internal-flue boilers (Fig. 116). Internal-flue boilers differ 
from cylindrical ones by the presence of one, two or three plain 
or corrugated flues in the water space of the main shell. The diam
eter of the flues ranges from 0.7 to 0.9 m, and their length equals 
that of the main boiler drum. The flues in this type of boiler were 
used to accommodate furnaces for burning high-quality fuel, which 
considerably reduced the size of the installation. The arrangement 
of the fuel bed under the radiation heating surfaces facilitated an 
increase in the intensity of heat transfer and intensive cooling of 
the gases within the flues. When low-grade and low heating value 
fuels were used the internal flues were supplemented with external 
furnaces.

In the U.S.S.R. internal-flue boilers were produced up to 1950 for 
installations requiring a low steam output, since the capacity of 
one boiler does not exceed 2 to 2.5 t/hr.

The positive features of boilers of this type include stability 
and reliable circulation, the possibility of using feedwater of a 
lower quality, especially with a low rate of heat liberation, as well 
as simple design and operation. The main drawbacks include a 
large metal weight, which constitutes about 15 to 20 kg per kg of 
steam generated per hour against 1.5 to 2.0 kilograms for most 
water-tube boilers, as well as a large boiler volume with an insig
nificant heating surface.

Locomobile-type Boilers. Boilers of this type relate to combined 
internal-flue and smoke-tube boilers. They consist of drums con
taining flues and smoke tubes. The smoke tubes, with an outer 
diameter of 80 millimetres, are secured in flat tube plates by roll
ing. The use of flat tube plates simplifies the manufacture of lo
comobile boilers, but reduces boiler strength. Locomobile boilers 
are therefore manufactured for operation at low pressures.

1 7 -8 1 4
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Fig. 118 shows a model CK-125 locomobile boiler with an inter
nal flue arranged in the front section of the boiler and smoke tubes 
in the rear section. The external locomobile fire box accommodates 
the coils of the steam superheater. To increase the height of the 
internal furnace, in locomotive boilers and certain designs of lo
comobile boilers the flues are replaced with rectangular, flat-wall 
ducts fixed in position with the aid of stays. The capacity of lo
comobile boilers rarely exceeds 4 t/hr. The capacity of locomotive 
boilers is increased by enlarging the radiation heating surface and 
by forced firing accompanied by a sharp drop in boiler efficiency.

The advantages of boilers of this type include their compact 
design, no need of settings of any kind, the possibility of quick 
starting up and rapidly raising pressure; the drawbacks include 
low pressure, frequent leakage at the spots where the tubes are 
rolled into the tube plates, especially in boilers using low-quality 
feedwater, the impossibility of internal boiler inspection and the 
mechanical cleaning of deposited scale.

Low-capacity Vertical Boilers. Low-capacity vertical boilers 
differ from the combined internal-flue and smoke-tube boilers 
described above in the way of erection. In a vertical boiler the 
shell and the flues are arranged vertically. When installed in such 
a way the top section of the flue passes through the steam space, 
and for this reason the products of combustion must have a suf
ficiently low temperature at this place so as not to reduce the 
strength of the boiler steel. In boilers of this type the temperature 
of the gases is reduced by installing additional heating surfaces 
in the flue.

Fig. 119 shows a model BK-1M vertical boiler with a capacity of 
0.2 t/hr. The working pressure of the steam is 8 to 15 atm.

The advantages and drawbacks of low-capacity vertical boilers 
are the same as those of locomobile boilers. An additional short
coming consists in the location of a section of the flue in the boiler 
steam space.

Water-tube Boilers
Horizontal Water-tube Boilers. Horizontal water-tube boilers 

consist of drums, headers and banks of usually straight tubes form
ing the principal heating surface (Figs. 120 and 121). The drums 
are arranged horizontally in the top section of the boiler and the 
banks of tubes—underneath the drums. The ends of the tubes are 
secured by rolling into headers which are connected to the drums. 
The tubes are inclined in respect to the drums, in boilers of some 
types at an angle of 10 to 20 deg, in others of 30 to 40 deg. The 
axis of the boiler drum is sometimes arranged along the axes of
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the heating-surface tubes (Fig. 120) and sometimes across them 
(Fig. 121).

In boilers with cross arrangement of the drum a large number 
of headers to which the heating surfaces are secured can be con
nected to the drum.

Feedwater is pumped into the boiler drum, whence through the 
headers it fills the tubes of the heating surface. The steam-water 
mixture forming in the tubes rises along the inclined tubes and 
flows into the drum through the front header. Frpm the boiler drum 
the water flows down through the rear header. Thus, a closed cir
culation circuit of the water and steam-water mixture is formed 
in the horizontal water-tube boilers.

Fig. 120 shows a horizontal water-tube boiler designed by the 
Russian engineer Shukhov. In this boiler the headers are short 
cylindrical heads 0.64 m in diameter.

Into each of the heads 28 tubes 76 mm in diameter and 4.5 m 
long are secured by rolling, and access to the tubes is provided 
by removing a common lid. At one time these boilers, of an orig
inal Russian design, were of great importance in the development 
of boiler building in Russia.

In 1936 the Shukhov boiler was modernized and became known 
as the Shukhov-Berlin boiler (Fig. 121).

The main drawbacks of horizontal water-tube boilers are large 
size, limited capacity, low steam pressures due to the unsuitable 
shape of the headers employed, etc.

Vertical Water-tube Boilers. These boilers differ from their 
horizontal counterparts mainly in the way the tubes forming the 
heating surface are secured and inclined, and in the number of 
drums. In vertical water-tube boilers the tubes making up the 
heating surface are secured directly to the drums, omitting inter
mediate headers, which considerably simplifies their manufacture 
and operation. In vertical boilers the heating-surface tubes are ar
ranged vertically or at a large incline, which improves circulation.

Two-, three- and multidrum vertical water-tube boilers are pro
duced. As the drums are the heaviest parts of the boiler, only one-. 
or two-drum boilers are being produced at present. Two-drum 
boilers are intended for small boiler installations, and single-drum 
ones are for medium and large installations.

In respect to capacity vertical water-tube boilers are divided into 
low-capacity boilers (2 to 6 t/hr), medium-capacity (10 to 40 t/hr) 
and high-capacity (over 75 t/hr) ones. In respect to pressure ver
tical water-tube boilers are manufactured for low, medium and high 
pressures.

Fig. 122 shows a low-capacity two-drum boiler, model ,/fKB. 
These boilers are built with a capacity of 2 t/hr at a pressure of

17*
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8 atm gauge without a superheater, and capacities of 4.0, 6.5 and 
10 t/hr with superheaters for a pressure of 13 to 22 atm gauge 
and steanbtemperatures of 250, 300 and 350 deg C. In model HKB 
boilers the lower drum and the waterwall headers are secured on 
a supporting frame. The upper drum of the boiler is connected to 
the lower one by heating-surface tubes. The upper drum has no 
supporting frame.

Fig. 123 shows a model TC-12/39 two-drum boiler with a capac
ity of 12 t/hr, a steam pressure in the drum of 43 atm and of 
39 atm gauge at the superheater outlet. The temperature of the 
steam is 450 deg C. The boiler is designed for burning solid fuel 
on a travelling chain grate. The boiler furnace is protected by 
waterwalls made up of tubes 60 mm in diameter and spaced 
180 mm apart. The second and third convective banks are made 
up of tubes 60 mm in diameter. The superheater consists of two 
banks, the first one with tubes 42 mm in diameter and the second, 
32. The water economizer is made of steel tubes 32 mm in diam
eter, and is designed for heating feedwater to 180 deg C. The 
boiler incorporates a tubular air heater the tubes of which are 
51 X 1.5 mm in diameter. The air heater is designed for heating 
air to from 30 to 100 deg C.

At present the boiler-building industry of the U.S.S.R. has organ
ized the series production of 420- and 500-t/hr drum boilers with 
steam conditions of 140 atm and 570 deg with reheating to 
570 deg C.

3. Forced Circulation Boilers
Uniflow Boilers. Forced circulation is effected with the aid of 

pumps. In boilers of this type, which are sometimes called once- 
through boilers, heating surfaces made up of small diameter tubes 
can be arranged in any position to suit given design requirements. 
This permits reducing the size and weight of boilers. In the 
U.S.S.R. forced circulation is practised in so-called waste-heat 
boilers in which the waste heat of process gases is utilized, and 
in uniflow power boilers.

In uniflow boilers the feedwater pumped in passes only once 
through the entire circulation circuit and leaves the latter as steam. 
The first uniflow boiler designed by the Soviet scientist Prof. 
L. K. Ramzin was put into service in 1932 at an operating pres
sure of 140 atm.

At present uniflow boilers are used as standard power boilers 
in high-capacity district power plants. These boilers are built for 
work at high and superhigh pressures and mainly at high 
capacities from 200 to 800 t/hr and above.
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Fig. 124 shows a diagrammatic view of a 220 t/hr, 100 atm 
uniflow boiler unit. The boiler layout has the form of an inverted U.

The lower section of the furnace accommodates the coils of a 
radiation evaporating heating surface, and the upper section— 
the coils of a radiation superheater. Further along the gas flow 
there are arranged the coils of a convective steam superheater and

Fig. 124. Diagram of uniflow steam boiler developed by Prof. L. K. Ramzin
7 —convective economizer; 2 — lower radiation section of evaporating heating surface; 3 — heat. 
Ing surface of transition zone; 4 —radiation superheater; 5 — convective section of superheater; 

6 and 7 — first and second sections of air heater; # —burner

of the transition zone of an evaporating heating surface, the first 
zone of a tubular air heater, an economizer and the second section 
of the air heater.

The pump delivers feedwater via the economizer into the coils 
of the radiation evaporating heating surface and, further, consecu
tively into the coils of the transition zone of the evaporating heat
ing surface. In the latter the water gradually turns into steam 
which gets superheated first in the radiation and then in the con
vective superheaters.

Uniflow boilers are distinguished for the small weigtit of metal 
required to manufacture the boiler, the fitness of the boilers for
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the generation of steam at high and superhigh pressures, and 
their unlimited capacity. The drawbacks include the necessity of 
using feedwater with a very small salt content, and also the re
quirement that feeding, firing and steaming rates be entirely auto
matically controlled.

Only uniflow boilers can be used to generate steam at near 
critical and supercritical pressures, i.e., at about 185 atm and 
above, since at these pressures it is impossible to ensure natural 
circulation.

In the U.S.S.R. the production of uniflow boilers with a capacity 
of 640 t/hr for a pressure of 140 atm and primary and secondary 
steam temperatures of 575 and 570 deg C respectively has been 
commenced.

The production has also been started of uniflow boilers with a 
capacity of 950, 1,900 t/hr and above for the generation of steam 
at supercritical conditions: 255 atm, 585/575 deg C.



C h a p t e r  VII
SUPERHEATERS, WATER ECONOMIZERS, 
AIR HEATERS

1. Superheaters
By a superheater is meant a surface heat exchanger in which 

the heat of the combustion products is utilized first to dry wet 
steam and then to raise its temperature.

In respect to the way in which the heat is received superheaters 
may be of the convection and radiation types. Superheaters are 
usually designed of coils made of seamless steel tubes with an 
outer diameter of 38 mm. High-grade carbon steel is used for

Fig. 125. Superheater with horizontal colls

steam temperatures up to 450 deg C and alloy steel for higher 
temperatures. The superheater coils are connected to headers. The 
latter serve as distributers of the inlet steam and collectors of the 
superheated steam. The headers are cylinder-shaped.

In the boiler passes the coils of the superheater are arranged 
horizontally or vertically. Horizontal superheater coils facilitate 
the draining off of accumulated condensate when the boiler unit 
has been stopped for inspection. Fig. 125 shows a superheater 
with horizontal coils, and Fig. 126 with vertical ones. Steam is 
delivered from the boiler drums to the outlet header of the super
heater through one or several pipes. Several inlet pipes ensure 
more uniform distribution of the steam between the coils. The 
steam flows along the coils due to the dilference between the boiler-



Fig. 126. Superheater with vertical coils
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drum and consumer pressures. To keep this difference below 10 per 
cent of the superheater outlet pressure, an average velocity of 15 
to 25 m/sec should be maintained in low- and medium-pressure 
units and from 8 to 16 m/sec in high-pressure installations. Smaller 
steam velocities are not permitted because of insufficient cooling 
of the tube walls, while higher velocities are bad since they are 
accompanied by increased hydraulical losses. To increase their 
reliability in operation and reduce the weight of metal used super
heaters are connected to the steam circuit with different flow 
arrangements (Fig. 127).

Steam  Steam |  Steamy

5 5
Gases

( C )

Fig. 127. Diagrams showing relative steam and combustion product flow In
superheaters 

a — counterflow; b — parallel flow; c —combined flow

The simplified names of the flow arrangements shown in Fig. 127 
are conditional, since superheaters are usually connected to ensure 
multiple cross flow of the steam. The counterflow layout is more 
economical since it is characterized by a larger temperature differ
ence. To utilize the advantages of the counterflow system at tem
peratures exceeding 400 deg C combined arrangements are em
ployed. In a combined arrangement the outlet coils of the super
heater, the steam in which is at a maximum temperature, are 
arranged in the zone of the smaller heat flows, this resulting in 
a reduction in their metal-wall temperatures.

In the operation of the boiler units the temperature of the super
heated steam may vary under the influence of a number of causes, 
and, especially, of a change in the load on the boiler. An increase 
in load is accompanied by an increase in the temperature of the 
superheated steam in convection superheaters, and by a drop in 
this temperature in radiation superheaters.

The steam temperature is maintained within the required and 
pre-established limits mainly in one of the following two ways: 
by changing the amount of heat received by the superheater from
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the combustion products or by removing part of the heat from the 
steam directed into the superheater.

In medium and large installations the temperature of the super
heated steim is often controlled with the aid of steam coolers of 
the direct-contact and surface types.

In steam coolers of the surface type the temperature is controlled 
by passing feedwater through the cooler. The cooler is placed in 
the path of the steam and the temperature of the latter at the 
superheater outlet is changed by passing a greater or smaller 
amount of feedwater through the superheater and removing a cor
responding part of the heat from the steam. In steam coolers of 
the direct-contact type the temperature of the steam is reduced by 
spraying salt-free water into it.

Control on the gas side may be effected either by directing part 
of the gas flow past the superheater or by installing additional 
burners which are used when required.

2. Water Economizers j
Economizers are used to heat the feedwater and reduce the tem

perature of the flue gases at the boiler exit. Heating of the 
feedwater by 1 deg C permits reducing the temperature of the com
bustion products by 2 to 3 deg C. Economizers are surface heat 
exchangers made of iron or steel tubes. Soviet Standards permit 
using iron-tube economizers with boilers having a pressure up to 
22 atm gauge, and heating water in them to a temperature at 
least 40 deg C below the temperature of the saturated steam in 
the boiler. Steel-tube economizers may be employed not only for 
heating feedwater, but also for generating steam. For this reason 
water economizers made of steel tubes are known as “steaming" 
economizers. It is forbidden to install shut-off valves between a 
boiler and an economizer of the steaming type. Due to the pos
sibility of tube bursting iron economizers are separated from ths 
boiler by means of a nonreturn valve, a safety valve and a gate 
valve. In respect to their design cast-iron economizers are divided 
into smooth tube units, the production of which has been stopped 
in the U.S.S.R., and gilled or ribbed tube units. Gilled tube econo
mizers are available in several models. Model BTH units have 
found the widest application. Economizers of this model have tubes 
76 mm in diameter and 1.5, 2.0, 2.5 and 3.0 m long. A tube 2.0 m 
long has an outer heating surface of 2.95 sq m and a live section 
for the gas flow of 0.12 sq m. These tubes have square gills 
146 X 146 mm in size.

Fig. 128 shows a bank of tubes of a gilled tube economizer with 
round gills. Economizers installed directly in the flues of boilers
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are called individual units, while economizers combined into 
groups serving several boilers are known as group units. Both the 
individual and group economizers are quite reliable in operation 
with continuous boiler feed. In installations fed periodically the 
group units are more reliable since in this case feedwater is almost 
continuously directed through the economizers into one of the 
boilers of the group. To reduce excessive soot deposit it is good 
practice to locate the economizer tubes only in vertical flues with

Fig. 128. Bank of tubes of cast-iron gilled-tube water economizer

the gas flow directed downward and the water flow upward, both 
with group and individual economizers. To ensure self-scavenging 
of the heating surfaces the following gas-flow velocities are 
recommended: in natural draught boilers from 5 to 5.5 m/sec, and 
in forced draught units from 10 to 12 m/sec.

Similar to cast-iron units steaming economizers should be ar
ranged in vertical flues with downward water flow since this 
increases reliability of operation. For the same purpose the flow 
velocities inside economizer tubes are specified. The tolerated 
velocity should be equal to or above 0.5 to 0.6 m/sec for steaming 
economizers, and 0.3 m/sec for cast-iron ones.

The products of combustion contain water vapour and fly ash 
(carry-over). If the temperatiire of the combustion products drops 
below the dew point of water vapour near the cold walls of the 
economizer tubes, the vapour condenses and is precipitated onto 
the heating surfaces together with the fly ash. Contamination of a 
heating surface with ash results in a reduction in the heat-transfer 
coefficient. The steel tubes of steaming economizers are also 
subjected to corrosion. The condensation of water vapour and 
corrosion greatly intensify in the presence of sulphur. To prevent
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condensation of the water vapour it is good to heat the water 
before directing it into the economizer. The water should be heated 
to 10 deg 6 or more above the dew point. The latter is determined 
according to the partial pressure of the water vapour contained in 
the combustion products, and a correction is made for the sulphur 
content in the fuel.

3. Air Heaters
Most modern boiler installations incorporate surface tubular 

heat exchangers in the capacity of air heaters. The cooling of the 
combustion products by 1 deg C is accompanied by heating of the 
air used for this purpose, which later participates in the combustion 
of the fuel, by 1.2 to 1.5 deg C. The heating of the air facilitates 
and accelerates the drying and ignition of high-moisture and low- 
grade fuels. The heating of the air also permits to intensify heat 
transfer in the boiler furnace due to the increase in flame temper
ature, and to increase the efficiency of the boiler unit as a result 
of the reduction in the flue gas temperature. It has been shown by 
experiments that a reduction in the outgoing flue gas temperature 
by 15 to 25 deg C will increase boiler efficiency by about 1 per 
cent.

The temperature to which the air is to be heated is established 
depending upon the kind of fuel being burned and the mode of 
firing. This temperature usually varies from 150 to 400 deg C. 
Heating of the combustion air has found especially wide appli
cation in the last 30 years in connection with the introduction of 
regenerative feedwater heating with turbine-bled steam. A rise in 
the feedwater temperature to above 100 deg C created the problem 
of utilization of the heat carried away with the flue gases, since 
these gases could not be sufficiently cooled in the water econo
mizer in this case. At a high feedwater temperature the air heater 
permits deep cooling of the outgoing gases, since the air tem
perature at the air heater inlet does not usually exceed 30 to 
40 deg C.

Air heaters mainly follow a counterflow arrangement in order 
to reduce the outgoing gas temperature to the lowest possible 
limit. When the air is heated up to 300 deg C single-stage air 
heaters are employed, while two-stage heaters are used for higher 
temperatures. In a two-stage installation a water economizer is 
installed between the first and second stages of the air heater.

Several types of air heaters are employed in boiler installations, 
of which tubular heaters have found the widest application.

Tubular air heaters (Fig. 129) are made of thin-wall steel 
tubes 40 and 51 mm in diameter, with a wall thickness of 1.5 mm.



SUPERHEATERS, WATER ECONOMIZERS, AIR HEATERS 269

The tubes are assembled in banks arranged in vertical groups. The 
flue gases pass through the tubes in a downward direction at a 
velocity from 12 to 16 m/sec, while fans create a crossflow of air 
over the outer surfaces of the tubes at a velocity constituting 0.5 
to 0.6 of that of the flue gases.

Gases

Gases

Fig. 129. Flow of air and combustion products (gases) in tubular air heater

In the operation of air heaters, as of water economizers, con
densation of water vapour on the tubes making up the heating 
surface should be eliminated. For this purpose a portion of the 
heated air is recirculated and mixed with the cold inlet air, the 
cold air is preheated in surface heat exchangers using low-poten
tial steam (exhaust or bled steam).



C h a p t e r  VI11
HEAT TRANSFER IN CONVECTIVE PASSES 
OF BOILER UNITS

For calculations of evaporating, economizer and superheating 
surfaces the following three basic formulas are used:

(1) heat received by the medium being heated

Q - | ( i " - i ' ) kcal/kg ; (4-81)

(2) heat transferred by the combustion products

Q =  <p (/' — /" +  Aa /?„) kcal/kg; (4-82)

(3) heat received by the heating surface being calculated

kcai/kg, (4-83)

where Br =  rated fuel consumption, kg/hr;
i ' and /" =  water or steam enthalpy respectively at the inlet and 

the outlet of the heating surface, kcal/kg;
J' and /"  =  gas enthalpy respectively at the inlet and the outlet 

of the heating surface, kcal/kg;
Aa/?„= amount of heat brought in by infiltrated air, kcal/kg; 

tp =  heat-conservation factor accounting for the loss of heat 
by radiation to the surrounding medium and equal to

H =  rated heating surface, sq m;
kr =  rated heat-transfer coefficient related to the heating 

surface, kcal/m2-hr-deg;
Â  =  mean temperature difference between the products of 

combustion and the heat-receiving body, deg C.
The heat calculations consist in solving the three equations 

given above. Depending on the purpose of the calculation, the last 
equation is solved in respect to either Q or H. To determine the 
evaporating heating surface only the two last equations are used.
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The heating surface of an air heater is calculated by the same 
formulas used to calculate the heating surface of a water econo
mizer. The first equation, however, changes as follows:

Qa. h =  a*. AV̂° (/“; * -  fa. a) kcal/kg, (4-84)
where afl A =  excess-air coefficient for the air healer;

V ^^a ir theoretically required for burning 1 kg of fuel, 
st m3/kg;.

f a.h and f a.h — heat content of the theoretical air at the heater' 
inlet and outlet, kcal/kg.



C h a p t e r  I X
AUXILIARY EQUIPMENT, SETTINGS AND FRAME

1. Draught Production Equipment
Draught production equipment is designed for delivering air into 

boiler furnaces, moving the products of combustion along the gas 
flues and exhausting them into the atmosphere at a height pre
scribed by sanitary regulations.

Draught equipment usually consists of one or several centrifugal 
fans installed in parallel. These fans draw in air from the boiler 
room at a temperature of 20 to 40 deg C and deliver it into the 
furnace via the heaters, burners or other devices. In small wood-, 
peat- or lump-coal-fired furnaces the forced draught fans are not 
used and air is drawn into the furnace due to the rarefaction 
therein created by draught installations.

A draught can be provided by chimneys or by chimneys combined 
with induced draught fans. In the first instance, i.e., when only 
chimneys are employed, the draught created in the boiler unit is 
known as natural draught, while when both stacks and induced 
draught fans are employed it is called artificial or forced draught. 
Natural draught is usually employed in installations where the 
hydraulic resistance on the gas side, except for that of the fuel 
bed, does not exceed 40 to 60 mm water column. In such installa
tions the hydraulic resistance of the fuel bed is overcome by forced 
draught fans, while the chimneys are from 80 to 120 m high. The 
chimneys are made of brick, reinforced concrete or of steel shells. 
Brick chimneys are built of wedge-shaped brick, the thickness of 
the chimney wall gradually increasing in a downward direction. 
To increase their stability brick chimneys are usually built in the 
form of a truncated cone with an incline to the vertical of from 
1 in 50 to 1 in 33, while the chimney mouth, or top, inside diameter 
is taken equal to from 0.025 to 0.05 of the chimney height. Stable 
draught is ensured by rating the outgoing gas velocity, i.e., the 
velocity at the chimney top or mouth. When the boiler installation 
is operated under minimum load this velocity should not be allowed 
to be less than 4 m/sec, for at lower velocities and windy 
weather frequent losses of draught are observed. With natural- 

♦draught operation the maximum velocity at the chimney mouth 
should not be allowed to exceed 9 to 10 m/sec, correspondingly 18
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to 20 m/sec in forced-draught installations, since velocities exceed
ing these values call forth an excessive increase in the hydraulic 
losses at the chimney mouth.

When computing the strength of a chimney for conditions of a 
strong wind, the difference between the bending tensile stresses 
and the compressive stresses due to the weight of the chimney 
should not lead to the appearance of tensile stresses exceeding 
0.1 kg/cm2 in the most dangerous spot of the chimney, while the. 
bending stresses and weight stresses should not exceed the tole
rated load on the brick and the soil.

It is expedient to locate under the chimney a dust collector 
serving to separate large particles of the fly ash from the smoke. 
The separated ash can be periodically removed from the collector 
with the aid of air or steam ejectors.

The bottom section of a brick chimney is lined inside with re
fractory brick. Steel chimneys are made of steel sheets 4 to 12 mm 
thick. As steel is rapidly corroded under the combined action of 
water vapour, sulphuric gas and oxygen, the use of steel chimneys 
is restricted to small boiler installations or to temporary boiler 
houses. The normal service life of a brick chimney is considered 
to be 50 to 80 years, while for steel chimneys it is about 10 times 
shorter due to corrosion. The required height of a chimney is deter
mined by calculations depending on the hydraulic resistance of the 
boiler installation which the given chimney is to serve. The larger 
the resistance of the boiler installation, the greater the required 
height of the chimney. The minimum height of chimneys is pre
scribed by sanitary regulations.

Natural draught is created by the force determined by the differ
ence in the weights of the column of air surrounding the chimney 
and of the column of combustion products filling it, the air and 
gas columns being of equal height. This force must overcome the 
hydraulic resistance to the flow of the combustion products in the 
boiler installation.

The force of natural draught is determined by the formula

S =  H X  273ĝ  273 +  ta ~~ 273-f-tcp ) ~760“ kg/m2’ (4-85)

where H =  height of chimney, m;
Pf,aT =  barometric air pressure, mm of mercury;

T2 an<l t°p =  specific weights respectively of the air and the com
bustion products (gases) at standard conditions, 
kg/m3;

ta and tcp =  average temperatures respectively of the air and the 
gases, deg C.

18-su
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Having calculated the hydraulic resistance of the boiler instal
lation beforehand and knowing that this resistance must equal 
the force 0  ̂ the draught, the height of the chimney is found from 
formula (4-85). The calculated height of the chimney is then cor
rected after finding the resistance to flow of the chimney itself 
and adding it to that of the boiler installation.

In modern boiler installations with extensive air-heater and 
water-economizer heating surfaces, i.e., in boiler units having low

Fig. 130. Connection of di- Fig. 131. Connection of an
rect-actlon induced-draught Indirect-action Induced-

fan draught fan

outlet temperatures, the hydraulic resistances increase to such an 
extent that chimneys of usual heights prove to be insufficient.

For this reason the chimneys in such boiler installations are 
supplemented with induced-draught fans, which are medium-pres
sure centrifugal fans with cooled bearings and revolving parts 
having a higher strength.

Depending on the way in which the flue gases are delivered by 
the fans into the chimney, direct and indirect induced-draught in
stallations are distinguished. In direct systems (Fig. 130), which 
are the main ones in use, the boiler flue gases are exhausted by
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the fans into the lower part of the chimney along which the gases 
are discharged into the atmosphere due to the head developed by 
the fan and the self-draught in the chimney. In indirect induced- 
draught installations (Fig. 131) the major portion of the flue gases 
is exhausted directly into the chimney, while the fans deliver part 
of the gases into an ejector located in the lower part of the chim
ney. Thus, the supplementary head required to transport the main 
mass of gases through the chimney is created by the induced- 
draught fan through the ejector. This method of artificial draught 
is seldomly used in boiler installations due to the low efficiency 
of ejectors.

2.  Equipment for Flue Gas Purification
The products of combustion exhausted from boiler units into the 

atmosphere contain carbon dioxide and sulphuric gases, the prod
ucts of incomplete combustion of fuel, and also fly ash and 
unconsumed carbon particles. In pulverized anthracite-fired, dry-ash 
bottom furnaces the fly ash contained in the flue gases reaches 
35 per cent of the total ash content of the fuel. The smallest quan
tities of fly ash are observed in grate-fired furnaces. Even in this 
instance, however, the amount of fly ash in the gases reaches 
20 per cent.

In the U.S.S.R. health-protection regulations require that the 
products of combustion be freed of fly ash before they are dis
charged into the atmosphere. Effective dissipation of the carbon 
dioxide and other gaseous products contained in the flue gases is 
mainly ensured by constructing high chimneys. The height of 
chimneys is established by sanitary regulations, depending on the 
quantity of fuel fired and the location of the boiler installation in 
respect to dwellings. If the boiler unit is located near buildings 
15 m high and more, the chimney must not be lower than 45 rh, 
even at low coal-firing rates. The height of chimneys is increased 
for greater coal consumption. Modern boiler installations in the 
Soviet Union have masonry chimneys 100 to 110 m high and rein
forced concrete ones up to from 120 to 130 m high. In installations 
where the firing rates for solid fuel exceed 2 t/hr, besides building 
fiigh chimneys special purification of the flue gases by removing 
fly ash must be introduced.

Fuel gases are purified in d r y  and w e t  d u s t  c o lle c to r s , as well 
as in e le c tr o s ta tic  d e v ic e s . The efficiency of a dust collector is 
estimated by the o v e r a l l  and f r a c t io n  d u s t - s e p a r a t io n  fa c to r s . The 
overall dust-separation factor shows the ratio of the separated 
dust to the total amount of dust delivered to the collector. The 
fraction factor shows the same value as the overall factor, but

18*



276 BOILER INSTALLATIONS

calculated for particles of a definite size. Electrostatic and wet dust 
collectors have the highest efficiencies (90 to 95 per cent). At 
present, talking into account the stricter requirements for gas puri
fication specified in sanitary regulations, preference is given to 
dust collectors of the wet type, since in lean coal- and anthracite-

fired installations electrostatic dust 
collectors have a lower efficiency 
(80 to 85 per cent).

Dry dust collectors are of a con
siderably simpler design and cheaper 
in operation, but their efficiency is 
also lower, and for this reason 
they are employed in small installa
tions, or as the first stage of dust
collecting equipment. The dry dust 
collectors used in boiler installations 
include precipitation chambers, louver 
dust collectors, cyclones and mul
ticyclones. In all these types of 
dust collectors the fly ash is separat
ed from the gases by changing the 
direction and velocities of the gas 
flow.

Precipitation Chambers. Precipita
tion chambers are the simplest devices 
used for the separation of large- 
size fly ash. Such chambers are locat
ed directly in the flues of boiler units 
and form a widened part of the flue. 
Upon entering the chamber the pol
luted stream of gas loses its velocity 
and sometimes changes its direction, 

this facilitating the separation of the largest particles of fly ash 
from the gases. The overall dust-separation factor (efficiency) of 
precipitation chambers does not usually exceed 20 to 30 per cent 
but reaches 40 per cent in the most favourable cases. Precipitation 
chambers may be used only as the first stages of dust collector 
installations. An increase in the efficiency of dust collectors of this 
type is attained by frequent removal of the separated dust and by 
reducing the velocity of the polluted flue gases to tenths of a 
metre per second.

Louver Dust Collectors. Fig. 132 shows a type BTM louver dust 
collector which is a rectangular chamber containing louver parti
tions made of angle iron. The partitions are arranged to ensure 
first reduction of the cross-sectional area of the chamber in the

F ig .  132 . L o u v e r  d u s t  c o l l e c t o r ,  
t y p e  BTM

7 - g a s  f l u e  w a l l s ;  2  — l o u v e r s ;  3 a n d
4  — d u c t  r e m o v i n g  p a r t  o f  p o l l u t e d  
c o m b u s t i o n  p r o d u c t s  I n t o  c y c l o n e ;
5 — c y c l o n e ;  6  — g a t e  f o r  d i s c h a r g e  o f

a s h
<i;-\ i
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direction of gas flow, and then widening thereof in the second half 
of the chamber! The louver partitions divide the stream of polluted 
gases into a number of parallel streams whose direction changes 
twice. Upon sharp turning of the stream the largest particles of flŷ  
ash fall out and are drawn into a small cyclone. The gases from.

H*.

a s

the cyclone are directed into the common flue after the dust collec
tor, while the precipitated ash is removed from the installation. The- 
overall dust-separation factor of a louver dust collector is about 
50 per cent, according to operating data. Dust collectors of this 
type are therefore used at present only as the first stages of dust 
collector installations to protect the tail heat-exchange surfaces and 
the induced-draught fans against rapid wear.

Cyclones. Fig. 133 illustrates a cyclone dust collector of a type 
widely employed at present. In this device, besides the change 
in the velocity and direction of the gas flow, fly ash is separated by 
the action of the centrifugal force appearing due to the direction 
of the gases along a spiral path. The rated gas velocity at the.
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•cyclone inlet is 20 to 25 m/sec, and at the centre of the cyclone, 
1 to 2 m/sec-. The resistance of the cyclone varies from 50 to 80 mm 
water coluntn. The average overall dust-separation factor of such 
cyclones does not exceed 50 to 60 per cent, and for this reason 
simple cyclones may be employed only as the first stages of dust
collecting devices. It has been shown experimentally that Ihe 
efficiency of a cyclone dust collector increases with a reduction in 
its diameter. In low- and medium-capacity boiler installations, there

fore, the use of so-called battery or mul
ticyclones is allowed, a battery cyclone 
consisting of a number of small-diameter 
simple cyclones contained in a common 
housing (Fig. 134). The employment of 
battery cyclones permits to increase the 
overall dust-separation factor up to 65 to 
70 per cent.

Wet Dust Collectors. The stricter require
ments relating to the purification of gases 
discharged into the atmosphere have 
made it necessary to employ highly effi
cient dust collectors of the wet type. At
large power stations in the U.S.S.R. wide
use is made of type BTH wet dust collec
tors developed by the Heat Engineering 
Institute. These dust collectors (Fig. 135) 

J o g  135. C e n t r i f u g a l  are divided into two types: centrifugal
s c r u b b e r  ty p e  B T H  a n d  wet_rod scrubbers. These devices dif

fer only slightly from each other both in 
.j—dampen r—trajTtoMischaVg- appearance and design. In scrubbers of

l n g  d i r t y  w a t e r  a n d  a s h .  both f y p e s  the polluted gas is introduced
-at the bottom through a tangentially arranged connecting pipe, 
while the purified gas is discharged at the top. The washing water 
is introduced through jets arranged along the cylinder generatrix 
in one of the upper sections of the cylindrical housing. Besides, 
in a wet-rod scrubber the gas inlet pipe accommodates a number 
of rods 20 mm in diameter, spaced 25 to 35 mm apart in chess
board order. The rods are continuously sprinkled with water
through additional jets. The dirty water is discharged from the 
scrubbers into the sewerage through hydraulic traps located in 
the lower part of the housing. The overall dust-separation factor 
for scrubbers of this type ranges from 85 to 95 per cent. The dust- 
separation factor of a wet-rod scrubber is on the average about 
.2 per cent higher than that of a centrifugal scrubber. The specific 
water consumption is 0.15 to 0.25 kg/st m3 of gas. The resistance 
of a scrubber is 60 to 80 mm water column.
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3. Boiler Unit Settings and Frames
Settings. Settings include flue walls and the outer walls of 

boiler units. Since the pressure inside the furnace and flues of a 
boiler unit is lower than that of the surrounding air, the setting 
must be made as tight as possible, to exclude the infiltration of air 
through cracks into the flues. Simultaneously the setting serves as 
heat insulation and is designed to reduce the loss of heat to the 
surroundings. The temperature of the outer surface of boiler set
tings should not exceed 50 to 60 deg C. Besides, boiler settings 
should have a high mechanical strength and be made of easily 
available materials. The settings of low- and medium-capacity 
boilers with a total height of up to 12 to 15 m are made of brick. 
The external part of settings is made of ordinary brick, and the 
internal part, of refractory brick, the thickness being from 1 to 
1.5 ordinary bricks and 0.5 to 1 refractory brick. The refractory 
part of the setting is called a lining. A half-brick lining is used 
in flues through which combustion products flow at a temperature 
from 600 to 700 deg C. At higher temperatures the thickness oi 
the lining is increased. The lining is laid on chamotte mortar- 
consisting of 20 to 50 per cent of refractory clay and 50 to 80 per 
cent of chamotte powder diluted with water to the required con
sistency. Chamotte powder is made by crushing pieces of chamotte 
brick in ball mills to a size of 0.5 to 3 mm.

The stability of boiler settings over 15 m high is increased by 
dividing the setting into parts (sections) supported by metal 
structural elements of the boiler frame. Besides, in such boiler 
units brick masonry is often replaced with slabs made of refractory 
materials. The arches of such boilers are of the suspended type of 
refractory concrete blocks, or of specially-shaped bricks suspended 
from the tubes making up a heating surface or from beams of the 
boiler frame. The baffles separating flue passes and the gunite 
heat-insulating layers applied to heating surfaces not to be ex
posed to the hot gases are important parts of a boiler setting. The- 
baffles used inside banks of convective tubes are made of cast- 
iron plates, asbestos sheets or of a gunite mass.

Frame. According to their designation boiler frames or frame
works are divided into binding and load-carrying ones. The bind
ing frame serves to support the setting, while the load-carrying 
framework supports all the metal structures of the boiler unit and 
transfers their weight to the foundation. Frameworks are made of 
steel sections of a size determined by strength calculations de
pending upon the load. To avoid excessive specific pressure on the 
foundation all the supporting columns are provided with footings. 
The area of the lower surface of the footings is calculated for
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the compression stress tolerated for the material of which, the 
boiler foundation is made. The elements of the boiler unit are 
secured to the framework in such a way as to ensure free expan
sion of all the elements upon heating. The gaps left between the 
setting and metal parts of the boiler unit are filled with asbestos. 
The framework is arranged so as to protect the supporting 
columns and setting-supporting structures against being heated 
by the gases.

4. Feedwater Pumps and Piping
In stationary boiler installations the water is fed to the boilers 

mainly by piston or centrifugal pumps.
Small boiler units located far from reliable sources of power 

employ steam piston pumps, while in other boiler units the feed- 
water is mainly delivered by means of electrically-driven centri
fugal multistage pumps.

Steam and feedwater piping is assembled of seamless steel 
pipes with a wall thickness depending on the operating pressure. 
There must be at least two feedwater pipelines (a working and a 
standby ones) in each boiler house, while the steam mains are 
rarely duplicated, only in special installations.



C h a p t e r  X
WATER CONDITIONS IN BOILER UNITS AND 
FEEDWATER TREATMENT

1. Boiler Water Conditions
Not all the steam generated in industrial boiler units is returned: 

in the form of pure condensate. Irrecoverable losses are quite 
considerable, and in many cases reach 10 to 20 per cent. These 
losses are made up with water taken from natural sources of wa
ter supply. Such natural water is known as initial water. Before 
being delivered into the boiler such water is subjected to special 
treatment. The natural water used to prepare boiler feedwater al
ways contains some dissolved salts and gases and insoluble sus
pended particles. All these salts, gases and suspended particles 
are harmful for boilers, especially if their concentration is large. 
Scale-forming salts and corrosive-active gases are the most harm
ful. The former include various calcium and magnesium compounds 
that poorly dissolve in water, while the latter comprise mainly 
oxygen and carbon dioxide. Upon the heating and evaporation or 
water containing scale-forming substances scale and sludge settle 
on the boiler heating surfaces.

Scale denotes a strong layer of scale-forming solids, while sludge 
is a loose residue deposited in the low sections of boiler units.

The sludge separates from the water in the form of very fine 
suspended particles which, when they form, are suspended in the 
water and then precipitate as they grow in number and size. The 
heat conductivity of scale and sludge is many times lower than 
that of metal heating surfaces. This is why scale and sludge de
posits liamper and reduce the transfer of heat from the flue gases 
to the water, cause overheating of the metal walls accompanied 
by a reduction in the strength of the metal and by the formation 
of bulges'and cracks. Scale and sludge not only lead to accidents, 
but are also the cause of an appreciable increase in fuel consump
tion. A layer of scale from 1 to 2 mm thick causes an increase in 
fuel consumption of 1.5 to 2.5 per cent. Dissolved oxygen and. 
carbon dioxide corrode the pipes and heating surfaces, the pro
cess of corrosion being especially active after the water is heated 
to its boiling point.

To increase the reliability of boiler operation it is necessary 
lo maintain water conditions that will protect the boilers front
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corrosion and from scale and sludge deposit, while also ensuring 
the generation of steam of the proper quality.

The harmful impurities contained in the initial water are re
moved therefrom or replaced with substances that are less harm
ful from the point of view of scale and sludge formation by sub
jecting the water to special treatment and by keeping the water 
conditions in boilers under constant control.
2. Characteristics of Initial Water

The following characteristics serve as a basis for estimating the 
quality of initial water: the concentration of soluble salts, the con- 
lent of corrosion-active gases, water alkalinity and hardness. 
Hardness is defined as the content in water of calcium and mag
nesium compounds calculated in milligram-equivalents per litre 
(mg-equiv/1) for liquids with a high hardness and in microgram- 
equivalents per litre (pg-equiv/l) for liquids with a low hard
ness. One mg-equiv/1 signifies that one litre of water contains 
20.04 mg of calcium or 12.16 mg of magnesium.

The total hardness of water, i.e., the total concentration of scale- 
forming compounds is divided into carbonate and noncarbonate 
hardness. Carbonate hardness means that the water contains 
mostly calcium and magnesium carbonates. Upon heating water 
up to from 95 to 100 deg C for a long time the carbonate hard
ness drops sharply due to the precipitation of calcium and mag
nesium carbonates. Noncarbonate hardness is estimated by the 
-content of chlorides, sulphates, nitrates, silicates and phosphates 
of calcium and magnesium in the water.
.3. Methods of Feedwater Treatment and Equipment Used

There are several methods of treating the initial water to re
move the noncarbonate and carbonate compounds that make the 
water hard. In industrial boiler plants use is often made of the 
jnethod of water softening which consists not in the removal, but 
in the replacement of the calcium and magnesium cations contained 
in the treated water with other cations, for instance, the ca
tions of sodium, ammonia or hydrogen, the compounds of which 
readily dissolve in water and do not therefore form scale.

The following methods of water treatment have found wide use 
in boiler installations: clarification, coagulation, degassing, soften
ing and demineralization. Depending on the quality of the initial 
water available and the requirements which the feedwater and 
■boiler water must meet, the water is treated by using various 
combinations of these methods.

Clarification of water is performed by filtering the water or by 
Treating it in settling tanks. Since it takes a long time for the
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fine suspended particles to settle and cumbrous settling tanks are 
required for this purpose, the settling of initial water is rarely 
practised in boiler installations. The water is filtered by passing 
it through a layer of fine-grained anthracite (0.5 to 1.5 mm),, 
quartz sand or crushed marble 
contained in long cylindrical 
vessels installed vertically, 
as shown in Fig. 136. The 
size of the filters is selected 
depending on the required 
capacity of the unit and the 
tolerated filtering rate (5 to 
7 m/hr in the free cross-sec
tional area of the filter). The 
water to be filtered is deliv
ered at the top onto the fil
tering layer, and the purified 
water is drained off at the 
bottom. The polluted filter is 
washed by reversing the 
water flow. To improve loos
ening of the anthracite dur
ing this washing the water 
is passed through the filter 
together with compressed 
air. The filter drainage 
system is usually made of 
tubes arranged in the lower 
part of the filter housing in 
the form of a fan. On top of 
these tubes connecting pipes. 
with plastic caps are located.
The filtered water passes 
through slits in the caps 
0.4 X 40 mm in size. The 
filtering anthracite layer is 
from 1.5 to 2.0 m high. There 
are single-pass and double
pass filters. In a single-pass

Cement g ro u t

F ig .  136. D i a g r a m m a t i c  v i e w  o f  w a te r -  
f i l le r

filter the initial water flows only in one direction, downward. In: 
a double-pass filter the initial water is delivered in two flows: 
from the top and the bottom of the filter, the purified water being- 
drained off at the middle.

Coagulation. Very fine suspended particles of substances of am 
organic and mineral origin called colloidal-dispersed substances.
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cannot be removed from water by ordinary filtering. To remove 
these substances special reagents causing the fine colloidal-dispersed 
particles toi unite into flakes are added into the water, and the 
latter is filtered only after coagulation has taken place. Alumi
nium and iron sulphates, as well as iron vitriol, are used as coa
gulators. The optimal amount of coagulator is found by exper
iment. Usually from 0.4 to 0.8 mg-equiv of coagulator is re
quired per litre of water. To ensure proper and full coagulation 
the water temperature should be kept above 15-20 deg C, the pH- 
value—above 7 to 8 units, and coagulation should go on for at 
least 15 to 20 minutes.

Softening. Initial water can be softened in two ways: by pre
cipitation of the scale-forming substances, and by the base-ex
change method.

In the first method lime and soda or trisodium phosphate are 
added to the water. As a result calcium carbonate and magnesium 
hydroxide precipitate. The lime acts on the carbonate compounds 
and the soda on the noncarbonate ones. Trisodium phosphate 
acts on both compounds. The duration of the process and its effi
ciency depend on the water temperature and the design of the 
equipment. This method of softening is rarely employed, since 
cumbrous equipment is required, servicing is complicated and the 
softened water is of a poor quality.

The softening of initial water by the base-exchange method con
sists in filtering the hard water through a layer of fine-grained 
materials capable of exchanging cations. In the U.S.S.R. sulpho- 
coal is employed for this purpose, the material being saturated 
with sodium, ammonia or hydrogen ions during its regeneration 
treatment.

During the base-exchange process the calcium and magnesium 
cations contained in the hard water are absorbed by the base- 
exchange material, while sodium, ammonia and hydrogen cations 
pass into the water. Such treatment results in softening of the 
initial water. The base-exchange capacity of the material is deter
mined by the number of cations of the scale-forming substances 
in gram-equivalents which can be absorbed by one cubic metre 
of the base-exchange material when water passes through it. The 
approximate absorbing capacity of sulphocoal in the sodium and 
ammonia base-exchange processes is 300 g-equiv/m3, and in 
hydrogen base-exchange processes 200 g-equiv/m3.

Base exchangers are quite similar to clarification filters both in 
appearance and design (Fig. 136). The cycle of a base exchanger 
consists of four separate operations: softening, loosening, regen
eration and washing. The following water velocities are recom
mended: during regeneration and washing—from 5 to 7 m/hr;
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during loosening—from 14 to 18 m/hr, and during softening— 
from 5 to 40 m/hr, depending on the initial hardness of the wa
ter. The higher the hardness, the lower the water velocity through 
the base exchanger. Under normal operating conditions for- drum- 
type high-pressure boilers the hardness of the softened water at 
the base-exchanger outlet should not exceed 0.035 mg-equiv/1. 
A higher hardness indicates over
loading of the base exchanger, or 
that the exchanger must be regener
ated. Regeneration is performed with 
a 6 to 8 per cent solution of sodium 
chloride in sodium base exchangers, 
a 1.5 to 2.0 per cent solution of am
monium sulphate in ammonia base 
exchangers and a 1.0 to 1.5 per cent 
solution of sulphuric acid in hydro
gen base exchangers. The approxi
mate duration of regeneration ranges 
from 15 to 20 minutes, of washing 
is 60 minutes and of loosening be
fore regeneration varies from 15 to 
20 minutes The duration of the sof
tening period depends on the quantity 
of the base-exchange material and 
the initial hardness of the raw wa
ter; usually it is calculated to last 
from 8 to 10 hours.

Degassing. In most modern installations removal of the dis
solved oxygen and carbon dioxide from feedwater is practised be
fore feeding it into the boiler, in order to reduce the corrosive 
effect of these gases. Since the solubility of gases diminishes with 
a rise in temperature and becomes practically zero at the boiling 
point of water, oxygen and carbon dioxide are usually removed 
from feedwater by thermal de-aeration (degassing).

Thermal de-aeration is performed in apparatus called degassers 
or de-aerators (Fig. 137). The water to be treated is delivered to the 
top section of a cylindrical vessel containing perforated shelves. 
The water flows down the shelves into a header, while the steam 
used to heat the water is directed upward. The steam and gases 
separated from the water being treated are discharged from the 
top section of the vessel.

Oxygen is sometimes removed from water with the aid Of re
agents that combine with the dissolved oxygen. Thermal degas
sing is the most widespread method of removing oxygen from wa
ter, although other methods are also used.

F ig .  137. D e g a s s in g  v e s s e l

7 — d e g a s s e d  w a t e r  o u t l e t ;  2  — w a t e r  
l e v e l  g o v e r n o r ;  3  —  s t e a m  I n l e t ;  4 — c o n *  
d e n s a t e  o u t l e t ;  ^5 —  I n i t i a l  w a t e r  I n l e t ;  
6 ~ a l r  d i s c h a r g e ;  7  — s u r f a c e  h e a t  
e x c h a n g e r ;  8 — h o u s i n g  o f  d e g a s s i n g  

v e s s e l



S e c t i o n  F i v e  

RECIPROCATING ENGINES

C h a p t e r  I  

STEAM ENGINES

The first steam engines were steam pumps used for pumping 
water from mines. At the end of the seventeenth and the begin
ning of the eighteenth centuries Newcomen’s steam-air engine and 
pump found considerable use. Its power stroke was accomplished 
by injecting water into a cylinder containing steam, whereupon 
the latter condensed and created a vacuum, and atmospheric pres
sure caused the piston to move.

The first commercial steam engine in the world was built by 
the Russian inventor I. I. Polzunov at the Barnaul Kolivano-Vos- 
kresensk Works in 1766. Polzunov’s machine was a double-cylinder 
continuous-action reciprocating engine that could be used for the 
direct driving of various factory machines.

In creating his new type of prime mover Polzunov had to solve 
a number of complicated problems, for instance, he proposed the 
use of pulleys instead of the rocking arms and balancers previ
ously used. He also was the first to develop rotating parts for 
transmission mechanisms and to invent an original cock-type 
steam and water distribution gear. His basic idea was to provide 
full automation and continuity of engine operation.

James Watt in 1784 separated the condenser from the cylinder 
and realized alternating steam action on both piston sides. The 
use by Watt of steam at increased pressures resulted in a con
siderable further development of steam engines.

In the nineteenth century and at the beginning of the twentieth 
century steam engines were the basic prime movers in almost all
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industries. At this period considerable improvements were made 
in the design of steam engines.

The development of internal-combustion engines, steam and gas 
turbines having a higher efficiency supplanted steam engines, 
which are now used only in small river vessels, locomobiles, partly

in the woodworking and paper industries, and in some other mi
nor industries.

Steam engines are distinguished for their simple design, endur
ance and ability of operating under continuous and heavy over
loads; besides, they can operate on low-grade fuels.

The latest modifications of steam engines are characterized by 
an increase in speed. This feature, however, gives no serious ad
vantages, since the increase in speed reduces only the weight of 
the engine, which is the last link in the boiler-engine system 
and does not at all influence the size of the boiler. The use of
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high-temperature and high-pressure steam, as well as the design of 
light-weighj high-speed engines, contributes to a certain increase 
in efficiency which still remains, however, considerably below 
the efficiencies of other, more perfect, heat engines.

Fig. 138 shows a single-cylinder vertical steam engine with a 
piston valve distributing the steam (admitting live steam and 
exhausting spent steam). Piston 1 of the engine moves inside 
the engine cylinder and is connected by piston rod 2 passing 
through gland 3 to crosshead 4. The crosshead moves between 
parallel guides 5 and is joined by connecting rod 6 to crank 7 of 
crankshaft 8. The latter is mounted in bearings 9 and is connected 
to a power generator through coupling 10. The cylinder is closed 
on top with lid 14.

Operation of the engine is based on the expansion of steam 
delivered from a boiler through piping. The steam is admitted 
into one space of the cylinder and causes the piston to move. 
When the piston reaches one of its extreme positions the steam 
admitted in good time (in advance) into the other space of the 
cylinder drives the piston in the reverse direction.

The admission and exhausting of the steam are controlled by 
means of piston valve 13 driven by its cam 12 mounted on the 
main shaft of the engine. Governor 11, acting on the piston valve 
cam, controls the supply of steam in accordance with the engine 
load.

1. Classification of Steam Engines
According to their type, design, method of work and steam 

quality steam engines may be classified as follows:
(1) Single- and double-acting engines. In single-acting engines 

steam is admitted only to one side of the piston, while in double- 
acting engines it is admitted to both sides of the piston.

(2) Vertical and horizontal engines (depending on the ar
rangement of the cylinder axis).

(3) Superheated- and saturated-steam, engines.
(4) Noncondensing (exhausting the steam into the atmosphere), 

condensing and back-pressure engines. In condensing engines the 
steam flows into the condenser after having expanded in the cyl
inder, the vacuum in the condenser being about 0.15 to 0.25 ata, 
while in uniflow engines the vacuum is as low as 0.05 ata. In 
back-pressure engines the steam is exhausted at a pressure of 1.5 
to 6 ata and is used for various production processes.

(5) Single- and multicylinder engines.
(6) Single-expansion and multiple-expansion engines. Engines 

in which live steam is admitted to each cylinder are called single-
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expansion ones, while multicylinder engines in which the steam 
flows consecutively through several cylinders are called multiple- 
expansion, or compound, engines.

In uniflow engines the live steam is admitted through inlet valves 
in the cylinder lids and is exhausted through outlet ports lo
cated in the middle of the cylinder. These ports serve both cylin
der spaces.

(7) Stationary, locomobile, locomotive and marine engines.

2. Working Cycle
The working cycle of a steam engine is characterized by the 

changes in steam pressure, volume and temperature. In a working 
engine the change in pressure against the change in volume can 
be recorded by a special instrument called an indicator, the dia
gram obtained being called an indicator diagram. Theoretical in
dicator diagrams should be • distinguished from the actual ones

F ig .  139. I n d i c a t o r  d i a g r a m  o f  s t e a m  e n g i n e

obtained from a working engine. Fig. 139 shows an actual indi
cator diagram abdefca inscribed in a theoretical one.

The actual indicator diagram takes into account the volume of 
the dead space K# between the cylinder lid and the piston when 
the latter is in its extreme position. This volume also includes the 
volume of the steam ducts connecting the cylinder with the valve 
or slide valve box. Steam at a pressure pit which due to losses 
in the piping is somewhat lower than the boiler pressure p[, is 
delivered into the cylinder and fills the dead space Vo- When the

19-B14
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piston moves from point a to the right, the cylinder is filled with 
live steam on section ab. The steam is cut off at point b, and as 
a result the admission of steam is stopped and it begins to expand 
along bd. In the theoretical indicator diagram it is assumed for 
simplicity that the change in the state of the steam follows a poly
tropic curve with the average value of the polytropic exponent 
along the whole expansion stroke curve. Actually, due to the heat 
exchange between the steam and the cylinder walls, the process 
will follow a polytropic curve with a variable exponent. At points 
exhausting of the steam commences, the position of this point 
being determined by the advance in the opening of the steam ex
haust ports. The steam is exhausted (section def) at a pressure 
higher than that in the condenser or atmosphere by 0.05 to 0.2 atm. 
This increase in the exhaust pressure is due to the resistance to 
flow in the exhaust ducts.

When the piston reaches point f exhausting of the steam stops. 
After this the steam remaining in the cylinder is compressed to 
the pressure at point c. The increase in pressure from / to c is 
necessary to build up a steam bumper and to decrease turbulence 
when the steam is admitted, as well as to reduce the thermal 
losses caused by cooling (the so-called initial steam condensation 
losses).

The steam is admitted into the engine with a certain advance 
(at point c) before the piston has reached its extreme left-hand 
position. This advance makes it possible to fill the dead space 
with steam and to ensure adequate opening of the steam exhaust 
ports when the piston reaches its extreme position. This terminates 
a steam working cycle in the cylinder and the preparation for 
the next cycle.

3. Determination of Engine Power
Indicated Horsepower. The power developed in steam engine 

cylinders with no mechanical losses due to friction is called the 
indicated horsepower.

The indicated horsepower is determined from the design dimen
sions of the engine and depends on the speed of the crankshaft 
and the indicated mean effective pressure:

Ni=={p 'iF' +  p"lF " ) - ^ ^  hp, (5-1)

where p\ =  indicated mean effective pressure in one space of the 
cylinder, kg/cm2; 

p'. — indicated mean effective pressure in the other space
of the cylinder, kg/cm2;
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F '=  working piston face area at one side, cm2;
F" =  working piston face area at the other side, cm2;
5 =  piston stroke, m; 
n =  crankshaft speed, rpm.

The indicated horsepower of a multicylinder engine is the sum 
of the powers developed in the separate cylinders.

The indicated mean effective pressure is a conditional pressure 
in kg/cm2 numerically equal to the area of the indicator diagram- 
divided by the diagram base (the piston stroke) with account 
taken of the pressure scale of the diagram. The indicated mean 
effective pressure is calculated from the formula

n  — J -  
P i lm ’ (5-2)

where /  =  area of indicator diagram, mm2;
I — length of diagram, mm; 

m =  pressure scale.
The area of the diagram is determined either by planimetric 

measurements or graphically. The graphical method gives an ap
proximate estimate of the indicated mean effective pressure and 
may therefore be used only when the engine horsepower is to be 
determined approximately.

The indicated mean effective pressure varies from 4.5 to 
8 kg/cm2 depending on the engine type and the degree of admis
sion. The difference between the indicated horsepower of an en
gine at full load and at no load is called the brake horsepower

(5-3)
The brake horsepower can also be calculated from the known 

values of the mechanical efficiency expressed by

lm N l (5-4)

The mechanical efficiency of a steam engine depends primarily 
on the quality of machining of the engine parts and their assem
bly, as well as on the dimensions of the engine. Usually the me
chanical efficiency equals from 0.8 to 0.94.

The brake horsepower is usually determined by directly meas
uring the power transmitted by the engine to hydraulic or electric 
brakes.

In multiple-expansion engines the indicator diagram is divided 
into several diagrams showing the consecutive expansion of steam 
in all the cylinders. In these engines a steam receiver is installed 
between the cylinders, its volume being sufficient to level out pres
sure variations during the steam exhaust and inlet periods in the

19*
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cylinder. A sketch of a compound double-expansion engine is 
shown in. Fig. 140, and of a tandem double-expansion engine in 
Fig. 141. k

Inlet o f  live

Fig. 140. Sketch of compound double-expansion engine

Mechanical Indicator. The operating principles of the most com
mon mechanical (or displacement-type) indicator can be seen from 
the diagram in Fig. 142. Indicator body 3 is connected to indica
tor cock 2 mounted in the cylinder lid or on the top part of the 
cylinder (at the top dead centre and 
correspondingly at the bottom dead 
centre of double-action engines). The 
indicator consists of a cylinder with

In le t o f  live
| steam  , |  O utle t |

. n  .P  B 1

Fig. 141. Sketch of tandem double-expan
sion engine

Fig. 142. Diagrammatic view of 
mechanical indicator

closely fitted piston 10, movement of which is prevented by 
spring 9. When the pressure in engine cylinder 1 rises, the steam 
overcomes the force of the Indicator spring and displaces the 
piston, while the latter moves in the reverse direction when the 
pressure drops. Depending on the displacement of the indicator

fiston pin 4 of the recording mechanism occupies various posi- 
ions that represent in a certain scale the pressure in the
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indicator cylinder and hence in the engine cylinder. It is possible 
to obtain an indicator diagram when paper sheet 5 moves in 
unison with the movement of the engine piston. This is achieved 
by joining the moving sheet of paper 5 and levers 7 and 8 to the 
connecting rod or piston rod 11 of the engine. This will make the 
sheet of paper move in a certain scale relative to the piston 
stroke. As a result of the steam pressure acting on the piston and 
the movement of the paper indicator diagram 6 is recorded.

Fig. 143. Mechanical indicator with helical spring

Fig. 143 shows the design of a mechanical indicator with a 
helical spring. The indicator is connected to the indicator cock of 
the engine by means of coupling nut 8. The device consists in the 
main of a mechanism taking up the steam pressure, cylinder 6 
with piston 7, spring 4, levers 5 and 3, stylus 2 and revolving 
drum 1 to which a sheet of paper is attached.

The coordinated motion of the indicator piston and drum makes 
it possible to reproduce quite accurately at a reduced scale the 
relation between the pressure and the volume actually taking 
place in the working plane of the engine cylinder.

The helical-spring indicator described above.is mainly used for 
slow-speed engines, while light-duty indicators with bar springs 
(Fig. 144) are used for high-speed engines. Both indicator bar 1, 
functioning as a spring, and stylus lever 2 are bars of equal
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resistance. The steam pressure is transmitted to piston 3. Indica
tors of this .type are available with a set of springs of various

Fig 144. Light-duty Indicator with bar spring

rigidity and with several pistons of different diameters that per
mit to use them both for high- and low-pressure steam engines. 
Similar indicators are used in iiffernal-combustion engines.

4. Steam Engine Efficiencies
The thermal efficiency of the ideal cycle determines the degree 

of perfection of a specific working cycle and is found from en
gineering thermodynamics, namely,

<i — i2
Vi —  ----   1--- T

'i *2 li l2
(5-5)

When an actual working cycle goes on in an engine cylinder, 
the mechanical work Li corresponding to the area of the indicator 
diagram will be less than the mechanical work Lth of the ideal 
cycle. Accordingly, there will be less heat efficiently used in an 
actual cycle than in an ideal one. This is characterized by the 
indicated efficiency which is the ratio of the amount of heat equiv-
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alent to the mechanical work developed by 1 kg of steam spent 
in the engine cylinder to the amount of heat spent to produce 1 kg 
of steam:

a l l _  6 3 2

*"i h (jx i2)
(5-6)

where di =  steam consumption, kg/ihp-hr (kilograms per indicat
ed horsepower-hour).

The brake efficiency will correspondingly be
ALb _  6 3 2

/, /2 db (/[ /2)
(5-7)

where Lb =  effective work of 1 kg of steam;
db =  steam consumption, kg/bhp-hr (kilograms per brake 

horsepower-hour).
The value of rib takes into account all thermal and mechanical 

losses.
If account is taken of the heat losses within the boiler unit, the 

economical efficiency of a steam-power plant will be
% =  V (5-8)

where r)bu =  efficiency of boiler unit.
The values of the various efficiencies for condensing engines 

operating with medium-pressure superheated steam are as fol
lows:
-  ̂=  0.25 to 0.30, ^  =  0.17 to 0.24, tj6 =  0.14 to 0.22 and 

•»ib„ =  0.75 to 0.80.
For these values the economical efficiency will be 0.14 to 0.19.
Now let us consider the main reasons causing a reduction of 

the brake and economical efficiencies.
Dead Space. The dead space in an engine cylinder causes an 

increase in steam consumption for filling the additional volume. 
These losses drop when an engine works with a compression of 
the steam remaining in the cylinder at the end of the exhaust 
stroke. Compression of this steam also contributes to smoother 
operation and excludes sharp shocks when live steam is admitted 
into the cylinder.

The dead-space volume Va is taken from 3 to 18 per cent of the 
working volume. The lower values are for uniflow engines which 
are designed with the valves located in the cylinder lid.

Inlet-line Deviations. In an actual engine "the pressure of the 
steam in the cylinder at the moment of admission pi is lower 
than the pressure in the boiler p'v There are certain pressure
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losses when the steam passes through the piping, as well as 
through th£ governing and distributing systems:

P[— Pi =  *Pp+ * P g +  *Pcd' (5 ‘ 9 )

where App =  pressure drop in steam piping;
kpg — pressure drop in governing element; 

kpcd =  pressure drop in inlet cylinder duct.
The pressure losses in the steam piping depend on its length 

and diameter, the velocity and specific weight of the steam. When 
throttling control is used the losses in the governing element de
pend on the engine load. The pressure losses in the inlet cylinder 
duct are insignificant and should be taken into consideration only 
at steam velocities equal to and over 50 m/sec.

Inclined line ab in Fig. 139 represents steam admission. Its 
slope characterizes the pressure losses in the cylinder ducts.

Expansion-line Deviations. As indicated in a previous paragraph, 
in an ideal cycle steam expansion follows an adiabatic curve down 
to the pressure in the sink. In an actual engine steam expansion 
follows a more gentle polytropic curve bd and is accompanied by 
a certain rejection or reception of heat to or from the cylinder 
walls.

For saturated steam the expansion in an engine cylinder follows 
the equation pv =  const. For superheated steam the expansion 
follows the equation pvn = const. Here the exponent n depends 
mainly on the initial temperature and partly on the steam pres
sure, and varies from 1.08 to 1.25.

Outlet-line Deviations. The expansion of steam to the pressure 
of the sink would require a large cylinder length, that would lead 
to an increase in friction losses exceeding the work of expansion 
during the final part of the piston stroke.

To ensure exhausting of the steam in good time and to avoid 
back-pressure during the return stroke of the piston at the given 
exhaust pressure; advance exhausting of the steam is practised. 
The steam is exhausted along curve de (Fig. 139) and forced out 
by the piston along curve ef. ■

The greater the difference between the final expansion pressure 
and the pressure of the medium into which the steam is exhausted, 
the larger the advance in steam exhausting. In single-cylinder en
gines the exhaust advance varies from 5 to 15 per cent (of the 
piston stroke).

Diagram Factor. The diagram factor <p is the ratio of the area 
of an actual diagram to that of its ideal counterpart. This factor 
equals 0.9 to 0.95 for modern single-expansion engines and 0.7 to 
0.8 for double-expansion ones.
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Steam Condensation Losses. When spent steam is exhausted 
there is a considerable reduction in the temperature of the dead- 
space walls, and as a result partial condensation of the live steam 
admitted into the cylinder takes place on the relatively colder 
walls. The condensed part of the steam does not participate in the 
work and therefore losses are created relating to the so-called 
initial condensation losses. In order to reduce these losses the 
cylinder walls and lids are heated. The initial losses are sharply 
reduced when superheated steam and a valve steam-distributing 
system are employed. The initial condensation losses are also re
duced by employing multiple-expansion engines and increasing 
engine speed.

5. Steam Consumption
The consumption of steam in kg/bhp-hr is determined experi

mentally by recording the quantity of feedwater delivered to the 
steam boiler, the quantity of water formed in the condenser, or 
by measuring the amount of steam with orifice meters. Besides, 
the consumption of steam can be determined theoretically.

To determine the rate of steam flow in accordance with the 
quantity of feedwater special measuring or feed tanks are used. 
The amount of steam delivered for manufacturing processes should 
be taken into account separately.

The consumption of steam can be determined theoretically from 
equation (5-7), from which it follows that

db
6 3 2 (5-10)

The consumption of fuel characterizes the performance of a 
steam-power installation and will be

bb
6 3 2

%Ql
(5-11)

In actual engines with t]e = 0.14 to 0.19, the consumption of 
steam db is 4 to 6 kg/bhp-hr and of coal bb is 0.5 to 0.65 kg/bhp-hr.

6. Valve Gear
The valve gear in steam engines serves for admitting live steam 

into the engine and for exhausting spent steam therefrom. This 
gear includes parts directly influencing steam admission and ex
haust (slide and piston valves, poppet valves), as well as control 
devices, namely, the drive parts (levers, rods, eccentrics, cams, 
camshafts, etc.).
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There are two types of valve gear, namely, eccentric driven 
valves and .poppet valves.

Eccentric* Driven Valves. According to their design eccentric 
driven valves may be divided into' slide and piston valves.

Slide valve 10 (Fig. 145a) moves along thoroughly scraped sur
face 1 called a slide-valve face.

The slide-valve face (Fig. 1456) has two inlet ports 8 for live 
steam and one exhaust port 9 for spent steam. The slide valve is

driven by the crankshaft 
through mechanism 5 and 6. 
The slide valve is installed 
in steam chest 2 to which live 
steam pipe 3 is connected. 
Valve rod 5 is connected to 
eccentric 7 by means of ec
centric rod 6 (Fig. 145c). 
The eccentric is keyed on 
the shaft at an angle of 
90 +  6 degrees to the engine 
crank (6 is the established 
angle of advance).

If the width of valve edge 
4 overlapping the steam in
let ports equals the width of 
these ports, then the steam 
admission period will be 
very long and the consump
tion of steam excessively 
high. For this reason slide 
valves are designed with an 

outside lap e and an inside lap i (Fig. 145a) which permit to cut 
off at an earlier stage the live steam flowing into the engine 
cylinder, to obtain the required advance of steam exhaust and to 
compress the steam before the dead centre (see Fig. 139). An 
increase in the outside lap reduces the amount of live steam ad
mitted into the cylinder, while an increase in the inside lap 
raises the compression ratio.

Fig. 146a shows six positions of a slide valve for the left- 
hand cylinder space with outside steam admission, while Fig. 1466 
shows the corresponding positions of the slide valve for the same 
cylinder space with inside steam admission. Since laps are used, 
the slide valve must be displaced from its central position when 
the piston is at dead centre so that the valve edge would permit 
the live steam to flow into the cylinder, providing a certain ad
vance in steam admission. Thus, with outside admission the crank

10
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or eccentric of a slide valve with laps moves ahead of the engine 
crank at an angle of 90 +  6 degrees in the direction of engine 
shaft rotation, while with inside admission the slide-valve eccentric 
lags behind at an angle of 90 — 6 degrees.

adm ission o f  steam  admission

4 -Advance. S -E xh a u st o f  6 -C u t o f f  o f
exh a u st s tea m  exhaust

1 -A d va n ce  2 -  Admission 3 -C u t o f f  o f
admission o f  s tea m  — adm ission

i^lL lilfc
4 -A dvance exhaust S  - E xhaust o f  8 -  C ut o f f  o f  

s te a m  exhaust

Fig. 146. Diagram of s l id e  valve positions at various periods of steam c y c le

Double-ported Slide Valve. Fig. 147 shows a double-ported slide 
valve 1 with internal port 2 through which steam is admitted from 
the steam chest. This design ensures a relatively quick opening

and closing of admission ports and reduces throttling of the live 
steam. In addition, these valves have a short stroke which, in 
turn, reduces friction.

Piston Valves. Fig. 148 shows a diagrammatic view of a piston 
valve. Due to the symmetrical action of the steam on the valve



300 RECIPROCATING ENGINES

walls this design is the most balanced one. Furthermore, the in
significant fprce required to move the valve and the absence of 
wrapping under the action of high temperatures have led to the 
wide employment of these valves in steam engines operating at 
high steam parameters.

Double Cut-off Valves. In steam engines working with a low 
admission coefficient double cut-off valves (sometimes called 
Meyer valves), usually consisting of a main and an expanding 
slide valves, are used (Fig. 149). The main valve operates with 
a constant cut-off of steam admission and the expanding valve

S « 3

C ylinder

Fig. 148. Piston valve Fig. 149. Double cut-off valve
1 — valve; 2 — bushing; 3 —valve rings;

4 — steam outlet
/  — main valve; 2 and 3 — rods; 4 and 
5 — nuts with right and left thread; 6 and 

7 — plates of expanding slide valve

overlaps the inlet ports on the back of the main valve and, thereby, 
cuts off the steam, thus controlling the admission coefficient de
pending on the engine load.

Valve Diagram. The motion of the steam-engine piston and 
valve is coordinated with the aid of the valve drive mechanism. 
This relation is determined either analytically or graphically by 
drawing so-called valve diagrams. The latter method of checking 
and investigating the valve gear of steam engines gives a clear 
visual representation and permits to determine with the required 
accuracy the relative positions of the piston and the valve at any 
moment.

The valve diagram is plotted as follows. A circle is drawn with 
a radius r equal'to that of the valve crank or eccentric (Fig. 150a). 
The angle of advance of the crank 6 is laid off from the vertical 
axis of the half circle in a direction opposite to that of crank rota
tion. Then two circles are drawn with lines OB and OB' serving 
as their diameters. The chords cut off on these circles correspond 
to the valve movement for any angle of the crank. The upper 
circle shows the right-hand movement of the valve and the bottom 
circle its left-hand movement.
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Indeed, for position II of the crank corresponding to a turn 
through an angle <p, chord OA will equal OA = r sin (6 4- <p), 
showing movement of the valve to the right. When the valve 
moves over a distance equal to chord OC (position I) the crank 
will be in its dead centre. In 
position III the valve will be in 
its dead centre, its displace
ment being equal to r. Positions 
IV, V, VI, VII, VIII and IX 
characterize the displacement of 
the valve. Positions V and IX 
correspond to the central posi
tion of the valve since no 
chords are cut off by the circles.

Fig. 1506 shows an indicator 
diagram and a valve diagram 
for an engine with outside and 
inside laps e and i. The width 
of the port opening will equal 
the length of the valve move
ment less the outside lap, i.e., 
a, 02, fln- Using the lower circle 
of the diagram, the moment 
of opening of the inside lap 
can be determined.

When valve gear is to be 
checked or an indicator dia
gram is to be designed valve 
and indicator diagrams are 
plotted as shown in Fig. 1506.
When an exact diagram is being 
plotted the finite length of the 
engine connecting rod is to be 
taken into consideration. Thus, 
for example, taking into account 
the finite length of the con
necting rod, the beginning of 
steam exhaust (point 3) is 
transferred to the circular dia
gram through point III' and further along the arc to point III. 
Point 3' corresponds to the beginning of steam exhaust if the con
necting rod is assumed to have an infinite length. Valve diagrams 
can be plotted with the main circle centre shifted over the amount 
of the distortion resulting from the finite length of the connecting 
rod.
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Thus, with the aid of the diagrams considered above all the 
relative dimensions of the valve-gear elements can be found, while 
the actual ‘dimensions are obtained by taking into account the 
scale of the plotted or recorded valve diagram.

Poppet Valve Gear. The employment of poppet valve gear per
mits to decrease the dead space and, consequently, to reduce the 
consumption of steam and improve engine performance. Poppet 
valve gear also permits to use low steam admission, and fine and 
accurate control of the engine.

Poppet valves are driven by means of a system of rods and 
levers actuated by cam disks or eccentrics which are mounted on 
the engine camshaft.

In steam pressure and velocity 
In diffuser

The most simple valves are single-seat ones. When such valves 
begin to lift, however, considerable unbalanced forces arise due 
to steam pressure that harmfully load the driving mechanism.

Fig. 151 shows a double-seat valve with seats 2 and 6. When 
valve 1 is lifted by spindle 5 the steam flows under one of the 
seats in direction 3 and under the other seat in direction 4. Dou
ble-seat valves are advantageous due to the small force required 
to lift them.

In high-speed engines both poppet valve and slide or piston 
valve gear is provided with a diffuser designed to restore the 
steam pressure after the valve. Such a device permits to use con
siderable steam velocities (up to 500 m/sec) and, consequently, 
to use valve-gear elements with a reduced cross-section and 
weight.

A diffuser is an inverted steam turbine nozzle. If in a nozzle 
the potential energy of the steam is converted into the kinetic
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energy of the steam jet, in a diffuser the kinetic energy is con
verted into potential energy resulting in a rise in steam pressure 
at the outlet from the diffuser almost up to the initial pressure.

Curves showing the change in steam pressure and velocity in 
a diffuser are contained in Fig. 152. The steam passing through
cross-section fi at a velocity wi 
and under a pressure p i ex
pands along section fr fm, and 
as a result its pressure drops to 
p3. Due to this pressure drop 
the velocity of the steam in
creases to w3 in cross-section fm 
and in the extreme instance it 
is equal to the critical velocity 
wCT. As the steam flows from 
cross-section fm toward cross- 
section f-2 its velocity drops to 
w2 while the pressure rises to 
p2, which is insignificantly less 
than p ]. In Fig. 152 point A in 
the i-s diagram shows the state 
of the steam at cross-section 
/ 1, point C—at section fm and 
point D—at section /2. Fig. 153 
shows the design of a diffuser 
in a piston valve. Valve piston 
ends up in diffuser 3.

Fig. 153. Diagrammatic view of diffus
er with steam valve distributer 

/  — b u s h i n g ;  2  — v a l v e ;  3 — d i f f u s e r

2 is mounted in bushing 1 that

7. Methods of Governing Engine Power
The length of the steam admission line influences considerably 

the indicator diagram area and, therefore, the engine power.
For governing the power of an engine either the steam pressure 

is varied or the steam admission period is changed. Thus, govern
ing may be quantitative (when the cut-off position is changed) 
and qualitative (when steam throttling is used).

Since with quantitative governing the amount of steam flowing 
into an engine is altered, the position of the inlet line in the in
dicator diagram remains at the same level and only its length, 
i.e., the admission coefficient, varies. Quantitative governing is 
achieved by the governing device acting on the movement of the 
valve gear, which changes the duration of opening the steam 
ports for the admission of steam.

In qualitative governing the pressure is varied by throttling the 
steam, the admission coefficient remaining constant. As a result.
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the cut-off period for the steam admitted into the cylinder remains 
constant at.any power, while the pressure drops. Due to throttling 
of the steaki qualitative governing leads to a lower thermal effi
ciency and is therefore economically less profitable.

The angular velocity during each revolution of the shaft fluc
tuates, and it is stabilized by means of a flywheel. Besides these

changes in velocity, the uniformity of shaft rotation changes ape- 
riodicafly due to load variation. Thus, for instance, a drop in the 
load leads to an increase in engine speed due to excess power of 
the engine, while an increase in the load correspondingly causes 
a drop in engine speed. In order to maintain uniform speed 
within close limits steam engines are outfitted with automatic 
governors.

Fig. 154 shgws a diagrammatic view of a governor and govern
ing devices following the qualitative principle. When the speed' 
changes weights / change their position and by means of coupl
ing 2 and a system of levers 3 and 4 actuate throttle valve 5,
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Fig. 155 shows a quantitative governing system. Inlet valve 
1 and exhaust valve 6 are driven by eccentric 4 through a system 
of levers and rods. Governor 2 is included in the mechanism

lifting the inlet valve and actuates pin 5, which by turning shifts 
Intermediate lever 3 that changes the admission coefficient.

8. Types of Engines
The most common types of steam engines are single- and 

double-acting engines and compound and tandem ones. Extraction 
steam engines, uniflow engines- and various high-speed engines 
relate to a special group.

20—814
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Extraction Engines. Steam engines in which the exhaust steam 
is used fOi; process work or heating are called extraction engines. 
When all the exhaust steam is used the effective coefficient of 
heat utilization may reach 80 per cent.

Extraction engines are designed either with back pressure or 
with intermediate steam tapping. In the first type part of the steam 
tapped from the receiver is used.
The back pressure usually varies 
from 1.5 to 6 ata depending on the 
use to be made of the tapped steam.

Uniflow Engines. In uniflow engines 
(Fig. 156) only inlet poppet valves
1 are used, the location of which 
permits to minimize the dead space.
The cylinder is provided with ports
2 that are closed or opened by the 
engine piston. The steam delivered 
into the cylinder does not change 
its direction after expansion. As a 
result, the cylinder lids and inlet 
valves do not get cooled by the

Scent steam  
Fig. 156. Diagrammatic view of uni

flow engine
Fig. 157. Single-acting unlflow 

steam engine

exhaust steam, and initial condensation losses are therefore re
duced to a considerable extent.

There is almost no steam leakage in this type of engine, since 
a large number of piston rings can be installed in them. A draw
back of uniflow engines is their short steam exhaust period cor
responding to from 20 to 24 per cent of the piston stroke, which 
leads to early commencement of compression and to a high final
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steam pressure. This results in an increase in the losses connected 
with compression of the spent steam.

High-speed engines are usually designed as multicylinder ones 
for operation at high pressures (30 to 35 atm gauge) and at 400 
to 450 deg C. The main advantages of high-speed engines are 
their compactness and low specific weight.

High-speed steam engines are designed for speeds ranging 
from 500 to 2,500 rpm.

Fig. 157 shows a single-acting uniflow engine (145 bhp, 
1,000 rpm) using steam at 15 atm gauge.

Steam is admitted by piston valve 1 which is driven by cam 
disk 3. Steam is exhausted through ports 2 in cylinder 8. Crank
shaft 4 is driven by piston 9 through piston rod 7, crosshead 6 and 
connecting rod 5.

Locomobiles. A locomobile steam-power unit combines a boiler, 
an engine and auxiliary equipment.

The special features of a locomobile are its compactness, a small 
and light foundation, moderate speed, comparatively simple 
design, reliable operation and simple maintenance. Stationary and 
mobile locomobiles are in use. The engines of stationary locomo
biles are usually of the double-expansion condensing type, but they 
may also be of the steam-extraction and back-pressure type. In 
the U.S.S.R. locomobiles are produced with superheaters incorpo
rated in the smoke box. The superheater is usually mounted on a 
special carriage and can be easily taken out of the smoke box 
when cleaning or repairs are required.

The furnaces of stationary-type locomobiles are designed in the 
form of a fire tube. In one of the walls called the “tube grate" 
smoke tubes are installed. If required the furnace part and the 
smoke tubes can also be taken out of the boiler. Fig. 158 shows 
a type CK locomobile unit. ,



C h a p t e r  II
RECIPROCATING COMPRESSORS

Compressors are machines designed to compress gases. In 
compressors the mechanical energy developed by a prime mover 
is converted into the potential energy of the compressed gases, 
being also partly spent in the drive and in the form of various 
thermal and mechanical losses.

The main feature of these compressors is the reciprocating mo
tion of the piston in the cylinder, during which the suction and 
compression of the gas take place. Suction takes place at pressure

P

Fig. 159. Indicator diagram of compressor

pi (Fig. 159) through an automatic inlet valve. Upon compression 
the pressure rises to p2 and then the gas is discharged into a 
receiver through an automatic discharge valve.

Fig. 159 shows an actual indicator diagram of a single-stage 
compressor. The shape of the diagram is greatly influenced by 
the dead space, i.e., the volume enclosed between the piston when 
it is at its top dead centre and the cylinder head.

It can be seen from the indicator diagram that the gases com
pressed in the dead space expand (curve 1-2) before inlet of the 
gases (along curve 2-3) takes place at a pressure below atmo-
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spheric. As a result, actual inlet starts somewhat later (beyond the 
top dead centre) and causes a certain reduction in the compressor 
output. The larger the dead space, the lower the compressor out
put and, consequently, the useful work performed by the com
pressor.

After the gas has been sucked in it is compressed (along 
curve 3-4) and discharged to the receiver (curve 4-1).

To obtain pressures over 8 atm gauge multistage compressors 
are employed due to the necessity of cooling the compressed air,

Fig. 160. Sketch of three-stage compressor

since otherwise the considerable rise in its temperature may 
cause the lubricating oil vapours to inflame and explode in the 
compressor and the air ducts. Besides, it is known from thermo
dynamics that multistage compression is economically more effi
cient than single-stage compression.

Fig. 160 shows a sketch of a three-stage compressor. The second 
stage is located between the high-pressure and the low-pressure 
ones. In this type of compressor piston 1 has a stepped design. 
When the piston moves downwards air is sucked into the low- 
pressure stage through inlet valve 6 and throttle 5 and into the 
high-pressure stage through valve 9.

During this period the air is being compressed in the medium- 
pressure stage and delivered to high-pressure stage inlet valve 9 
through discharge valve 3 and cooler 4.

When the piston moves upward the air flows from the low-pres
sure stage through discharge valve 11 and cooler 13 to inlet
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valve 14 of the medium-pressure stage, while the air from the 
high-pressure stage is discharged to the receiving cylinders 
through discharge valve 10 and cooler 12.

The system includes safety valves 7, pressure gauges 8 and 
drain cocks 2. The feeding of water to and from the coolers is 
provided for.

The working cycle of a compressor is a complicated one in 
which compression first takes place with heat transferred from 
the hot cylinder walls to the air, and then with heat rejected to 
the walls of the cylinder and the cooling medium. The work per
formed by 1 kg of gas upon 
its compression and move- P 
ment of the piston over an Pi 
elementary distance will be
dl =  — pFds =  —pdv, (5-12)

where F =  piston area.
The work of compression 

from state p\V\ to state p2v2 
is determined by the equa
tion Pi

f  p d v . (5 -13 ) pjg | 0j Diagram for determining work 
n, of compressor

Upon passing over to calculating the work in a theoretical 
cycle (Fig. 161), the work of compression should be supplemented 
with the work spent on suction ptvt (area Opilvi), on air dis
charge p2v2 (area Op22u2), and on changing the gas velocity
4 ~ ci

Taking into consideration these kinds of work, the following 
equation for the work in a cycle will be obtained:

v7 ^<2 ^ 2  F* 2 2

l =  — /  p d v + p 2v2-\~ —~ -  =  /  v d p  +  -22g-  . (5-14)
p■

Since in compressors the last term is usually insignificant, it 
is neglected in practical computations.

For complete compression this work will be

kg-m/kg. (5-15)



312 RECIPROCATING ENGINES

The output of a compressor is

k '/ f =  \ T - S n X 6 0 m 3/hr, (5-16)

-where tj„ =  volumetric efficiency taken according to the data 
supplied by the manufacturer;

D and 5 =  diameter and stroke of the piston, m.
The indicated horsepower at the compressor drive is obtained 

ihe same as for reciprocating engines from the formula

=  60 X 75 X  100 ^  (5 - 1 ? )

and the brake horsepower is
Nb =  N irlm hp. (5-18)

where rjm =  mechanical efficiency taking into account friction 
losses and usually taken from 0.85 to 0.93;

V',, — volume displaced by piston, cu m.



C h a p t e r  III
INTERNAL-COMBUSTION ENGINES

The operation of modern internal-combustion engines is based on< 
the principles of an engine with precompression of air proposed by 
Sadi Carnot in 1824. Later Alphonse Beau de Rochas defined more 
precisely a number of design features of such an engine. However, 
only N. Otto in 1876 constructed a gas engine operating on the prin- 
ciple of fuel combustion at constant volume. In 1879 the Russian 
scientist I. S. Kostovich was the first to construct an engine using 
volatile liquid fuel, which was built with a carburettor and electric 
ignition. These basically new features were a valuable contribu
tion to the further development of internal-combustion engines.

In 1893 Rudolph Diesel commenced work on a new type of 
high-compression engines. In 1897 such an engine was construct
ed; it operated on kerosene with air injection and combustion at 
constant pressure. These types of internal-combustion engines are 
now called diesel or compression-ignition engines. They are 
widely used in various branches of industry due to their consider
able advantages over other types of heat engines. They are noted 
for their high efficiency (up to 29 per cent), compactness, light, 
weight per horsepower, constant readiness for starting, etc. These 
advantages became even more significant when the problem of 
developing an economical high-compression engine operating on 
cheaper heavy fuel oil was solved.

The first engine of this type with compression ignition and a 
power of 25 hp was constructed in 1898 at L. Nobel’s St. Petersburg 
works. At the beginning of the twentieth century engines of this 
type attained such a degree of perfection that it became possible to 
use them in automobiles, ships and aircraft. The same Nobel works 
played a great part in the development of these engines, and in 
1908 built the first reversible compression-ignition marine engine.

In the early designs of diesel engines the fuel was injected into 
the cylinder by means of compressed air. The presence of an air 
compressor made the engine unit more complicated, reduced its 
efficiency and reliability. This led to the appearance in the course 
of development and improvement of airless injection engines. 
G. B. Trinkler, a Russian engineer, worked on the creation of such
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an engine and obtained a patent for this design in 1898. Later, 
between 1^03 and 1908, the first airless injection engine in the 
world was built by Y. V. Mamin. At present these engines have 
found a wide application, after the problem of their running at 
high speeds has been solved.

Internal-combustion engines, as is known, have found a wide 
use in stationary, marine and transportation units. The electrifi-’ 
■cation to a great extent of various branches of industry in the 
U.S.S.R. and the construction in this connection of large heat 
power stations, however, reduced the role of stationary internal- 
combustion engine plants and limited their use. In the same way 
in modern high-speed aircraft internal-combustion engines gave up 
their leading place to turbo-jet and jet engines. This can be illus
trated by the following example. In order to raise the efficiency 
and to increase the thrust of a plane the energy of the exhaust 
gases was begun to be used in some reciprocating engines in a 
specially adapted jet nozzle. In the course of development of these 
engines incomplete combustion in the cylinders was employed 
with subsequent combustion in a reactive chamber, the combustion 
products also being used in a jet nozzle. Later on this served as 
a starting point in eliminating reciprocating engines in high-speed 
aircraft, and in employing therein basically new jet engines.

Another example can be given from the field of gas turbine 
-development. Supercharged internal-combustion engines are de
signed in most cases with a gas turbine mounted on the exhaust 
pipe, in which the energy of the exhaust gases is utilized. As 
regards their power and significance these gas turbines occupied 
a very modest position, but later on, with the improvement of 
these turbines, it became expedient to obtain a higher power out
put from them. Finally a compound unit was designed in which 
a reciprocal engine played a secondary part and was used to gen
erate the gas for the turbine, the latter being the main engine. 
Evidently, such a combined use of reciprocating engines and gas 
turbines considerably increased their efficiency. If should be noted 
at the same time that the possibilities of a further increase in the 
reliability, efficiency and performance of reciprocating internal- 
combustion engines are far from being exhausted and are still 
considerable, notwithstanding the great achievements attained in 
this field.
1. Operating Principles and Classification of Engines

The distinctive feature of an internal-combustion engine is that 
the fuel is burned directly in the cylinder. The heat energy gener
ated in this process is transformed into the mechanical work of 
the engine piston and crankshaft.
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Every engine has to meet certain requirements which depend on 
the operating conditions specified in each respective case. Thus, 
for instance, together with the general requirements relating to- 
the strength and reliability of the engine, simplicity and accessi
bility of various units and parts, there are certain requirements 
connected with the weight and overall dimensions of the engine, 
the direction of crankshaft rotation, the power, speed, type of fuel 
used, etc.

The great variety of internal-combustion engines can be classi
fied as follows:

1. By application: (a) stationary—nonreversible engines with 
the shaft rotating only in one direction; (b) marine—reversible 
engines (with the crankshaft rotating in both directions); (c) au
tomotive; (d) locomotive; (e) aircraft, etc.

2. By kind of fuel used: (a) gas engines; (b) engines using 
volatile liquid fuel (petrol, etc.); (c) engines using heavy liquid 
fuel (motor and diesel oils).

3. By the arrangement of cylinders: (a) vertical; (b) horizon
tal; (c) vee-type design; (d) tandem engines with consecutive 
cylinders, etc. In tandem engines the end of one piston rod is 
connected to the end of the next one and the driving force is 
transmitted by both pistons to a single crank.

4. By kind of cylinder action: (a) single-acting (the gases act 
on one side of the piston); (b) double-acting engines (the gases 
act on both sides of the piston).

In single-acting engines with a low power the piston is directly 
coupled to the crankpin of the crankshaft by means of a connect
ing rod.

In engines with a cylinder power of 125 hp and more the piston 
is usually connected through the piston rod to a crosshead, which 
moves in parallel guides and is connected to the crankpin by 
means of a connecting rod. In double-acting engines a crosshead 
is always provided which is connected to the piston and the 
crankshaft as described above.

5. By number of cylinders: single-cylinder engines, two-cylinder 
engines, etc.

6. By working process: (a) with constant-volume combustion 
(the Otto, or explosion, cycle); (b) with constant-pressure combus
tion (the diesel, or combustion, cycle); (c) with a partly con
stant-volume and partly constant-pressure combustion (the Trink- 
ler, or dual-combustion, cycle). Thus, the nature of the cycle is 
determined by the way the volume and pressure change during 
combustion.

7. By method of charging: two-stroke and four-stroke engines. 
In four-stroke engines a cycle is completed in four piston strokes
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(two crankshaft revolutions), while in two-stroke engines the 
-cycle is completed in two piston strokes (one crankshaft revolu
tion) . k

8. By the method of fuel injection: engines with air injection,
1. e., with a compressor, and engines with airless injection, i.e., 
with mechanical or pump injection. In petrol engines the fuel is 
mixed with air in carburettors, while in gas engines this is done 
in special mixers.

In the first and second methods the fuel is injected with the aid 
of an atomizing nozzle and a pump. When air injection is used 
the required degree of fuel atomization is ensured by supplying 
air at a pressure of 40 to 60 atm, while with airless injection the 
fuel is atomized directly by a fuel pump which creates a pressure 
of 100 to 250 atm and higher when delivering the fuel. Depending 
•on the pressure, fuel atomization systems are subdivided into pre
combustion-chamber systems (in which the fuel is first delivered 
into a precombustion chamber at a pressure of 100 to 110 atm, 
where partial combustion takes place, and then is delivered in an 
•atomized state to the main combustion chamber through openings 
in the precombustion chamber), and into direct-combustion 
systems in which the fuel is sprayed at a pressure of 250 atm or 
more directly into the combustion chamber of the engine cylinder.

This classification of engines according to their main and most 
■distinguishing features can be continued in respect to a number 
of other ones, for instance, according to engine speed, to the 
method of charging air into the cylinders (with direct suction 
from the atmosphere or with supercharging by means of special 
air pumps), etc.

The fuel is ignited in internal-combustion engines in one of the 
following ways: by compressing the air in the cylinder until the 
self-ignition temperature of the fuel is reached; by spraying 
atomized fuel into the air compressed in the cylinder onto the 
glowing chamber surface; by means of an electric spark.

2. Working Cycles of Engines
Four-stroke Cycle. The working cycle of an internal-combustion 

engine includes preparation of the air and fuel for combustion, 
combustion of the fuel in the engine cylinder, expansion of the 
combustion products, and discharge of the exhaust gases into the 
atmosphere. All these processes must go on in a definite order and 
they form a closed working cycle of the engine, which is suffi
ciently accurately illustrated by the indicator diagram.

Let us consider the sequence of the processes in four-stroke en
gines.
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The complete working cycle can be divided into the preparatory 
part (intake, compression and exhaust) and the working part 
(combustion and expansion of the combustion products). In four- 
stroke engines the complete cycle requires, as previously indicat
ed, four piston strokes or two crankshaft revolutions.

The first stroke—intake (Fig. 162)—takes place with inlet 
valve 1 open and piston 3 moving from the top dead centre 
(T.D.C.) * to the bottom dead cen
tre (B.D.C.). Air is sucked in due 
to the rarefaction formed in 
cylinder 4 when the piston moves 
toward bottom dead centre (in 
gas and petrol engines the air is 
sucked in together with fuel, thus 
forming the combustion mixture).

Since the area of the valve pas
sage is less than that of the cyl
inder section, the air meets a cer
tain resistance when it flows into 
the cylinder, and as a result dur
ing the whole intake stroke a 
pressure of about 0.9 ata is main
tained therein.

Thus, the cylinder is filled with 
a somewhat lower quantity of air 
or fuel-air mixture than would be 
possible if the pressure in it were 
atmospheric. To improve filling of 
the cylinder with air or mixture 
the inlet valve is opened with a certain advance before top dead 
centre and closed with a delay after bottom dead centre.

If the intake stroke is illustrated in a pressure-volume diagram 
it will follow curve ab (Fig. 162).

The second stroke—compression—proceeds with the engine 
valves closed and the piston moving from bottom to top dead 
centre. During this stroke the piston compresses the air (or the 
air-fuel mixture) up to a certain pressure that depends on the 
type of engine. Curve be shows the compression stroke.

The third stroke—working stroke or expansion — includes com
bustion of the fuel and expansion of the combustion products. This 
stroke goes on with the engine valves closed and the piston mov
ing from top to bottom dead centre.

Fig. 162. Indicator diagram of four- 
stroke engine with combustion 

at constant volume

* The top dead centre position of a piston is always assumed to be the po 
sition at the cylinder lid.
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Combustion of the fuel commences when the piston approaches 
top dead centre and the atomized fuel (in heavy-fuel engines) or 
the combustible mixture (in gas and petrol engines) is ignited. 
The fuel is ignited with a certain advance and combustion is ac
companied by a rise in the temperature and pressure of the gases. 
As indicated above, under the influence of the high pressure the 
piston moves to bottom dead centre accompanied by expansion of

Pig. 163. Indicator diagram of four- 
stroke engine with combustion at 

constant pressure

p

vs

2 

C,

-L

^ Z '

\  ^ — r
z

A—o -------------------------vk

c.

1 —
l
T.D.C. B.D. 
/  \

1

z h

7 1 T
3 if 31

Pig. 164. indicator diagram of 
four-stroke engine with combus
tion at constant volume and con

stant pressure (Trinkler cycle)

the combustion products and a considerable reduction in their 
pressure (to 3-4 atm gauge). The combustion process in actual 
cycles, depending on the type of engine, proceeds with certain ap
proximations:

(1) to a constant-volume process (curve cz in Fig. 162) accom
panied by a sharp rise in pressure (hot-surface ignition engines, 
gas and petrol engines with spark ignition);

(2) to a constant-pressure process (curve cz in Fig. 163) accom
panied by an increase in volume (air-injection engines);

(3) to a mixed process—the Trinkler cycle (curve czz' in 
Fig. 164) which takes place with constant-volume combustion in 
the first part and with constant-pressure combustion (airless-in
jection engines) in the second.
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In all the indicator diagrams given above the combustion curves 
are shown with deviations from the theoretical ones.

The fourth stroke—exhaust and pushing out of the combustion 
products—takes place when the piston moves from bottom to top 
dead centre with exhaust valve 2 open. During this stroke first the 
exhaust valve is opened at bottom dead centre and the exhaust 
gases are discharged, and then, as the piston continues to move 
toward top dead centre, the combustion products are discharged at ' 
a pressure somewhat higher than atmospheric (1.1 ata). In order 
to . improve the removal of the combustion products from the 
cylinder the exhaust valve is opened in advance (before bottom 
dead centre) and is closed with a delay (after top dead centre), 
thus increasing the cylinder scavenging period.

In Fig. 162 curve t o  shows this exhaust process.
This terminates a complete working cycle of a four-stroke engine, 

after which a new cycle begins and all the processes considered 
above are repeated in the same sequence.

Above we have followed the conversion of heat energy in a 
cylinder of a four-stroke engine into the mechanical energy of 
piston motion, which is then transformed by a connecting rod and 
crank into the rotary motion of the crankshaft.

Two-stroke Cycle. The working cycle of a two-stroke engine 
consists of one preparatory stroke, namely, partial discharge of 
the exhaust gases, scavenging and compression, and of a working 
stroke including combustion of the fuel, expansion and partial 
discharge of the combustion products.

Fig. 165 shows consecutively the processes and positions of the 
working mechanism of a two-stroke engine. When the piston is 
at top dead centre the required pressure is created in the cylinder 
and the fuel is ignited with a certain advance (Fig. 165a). In 
this position scavenging ports 4 and exhaust ports 3 are closed 
by the piston walls.

Under the pressure of the gases the piston moves to bottom dead 
centre, first opening the discharge ports and then the scavenging 
ones (Fig. 1656). These ports are completely open when the piston 
reaches bottom dead centre, and the cylinder is scavenged with 
fresh air, the remaining combustion products being exhausted to 
the atmosphere (Fig. 165c). When the piston moves toward top 
dead centre first the scavenging and then the exhaust ports are 
closed (Fig. 165c/), after which the air or air-fuel mixture is com
pressed.

An indicator diagram of a two-stroke engine is shown in 
Fig. 166. Line ena corresponds to exhaust, with simultaneous 
scavenging on section na. Along section an' scavenging continues 
and the cylinder is charged with fresh air. Final discharge of the



Fig. 165. Working mechanism of two-stroke engine
7 — s c a v e n g i n g  p u m p ;  2 — n o z z l e ;  3 — e x h a u s t  p o r t s ;  4 — s c a v e n g in g  p o r t s
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combustion products takes place along section n'e'. All the follow
ing elements of the cycle are similar to those of the four-stroke 
cycle described above.

Supercharging. The supercharging 
of air into cylinders is practised to 
increase the rated power of engines.
Engines operate the most efficiently 
and reliably at their rated power 
outputs. If more fuel is introduced 
into the engine cylinders its output 
will increase somewhat, but combus
tion of the fuel will sharply dete
riorate, thus reducing the perform
ance of the engine.

A certain increase in the cylinder 
power output of an engine can be 
obtained upon better scavenging of 
the combustion chamber. Marked re
sults can be obtained in two-stroke 
engines by improving cylinder scav
enging, while the output of four- 
stroke engines will be increased in 
this way by at most 4 per cent.

lata

Fig. 166. Indicator diagram of two-stroke 
engine

Fig. 167. Diagram of engine 
supercharging

7 — g a s  t u r b i n e ;  2— ai r b lo w er ;  In
le t va lv e

The preliminary cooling of the working mixture or air sucked 
into the cylinders gives no noticeable results, while it involves 
the installation of bulky and complicated coolers.

The most reliable method of increasing cylinder output is to 
increase the pressure of the air admitted into the cylinders. The 21

21 - 8 1 4
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increase of the air charge permits burning larger amounts of fuel 
with a normal excess-air coefficient and thus increasing the engine 
output. 1;wo methods of supercharging are mainly used, namely, 
with separate individually driven blowers and with blowers driven 
by the exhaust gases. Fig. 167 shows a diagram of engine super
charging.

3. Utilization of Heat in Engines

Let us now consider certain features of an engine working cycle. 
During a complete cycle the gas performs the following work:

Lt =  J  p dv =  p ^F ,
2

where 5 =  piston stroke;
F =  area of piston;
Pi =  indicated mean effective 

pressure (Fig. 168). 
Taking into account that FS = 

=  V2— Vi shows the increase in 
gas volume, we can write that

Li  =  Pi(V. .2 - V x). ( 5 - 1 9 )

P

i T i i W T ? } / '  . / / / A la ta

V
Fig. 168. Diagram for determining Fig. 169. Diagram showing pumping 

work of engine losses In engine

If the work of expansion is positive (area dpef) then that of 
compression is negative (area deaf), since work is spent on com
pressing the gases.

Thus, the useful work obtained from an engine is the difference 
between the two indicated magnitudes of work and corresponds 
to the area of the indicator diagram.

The suction and exhaust strokes are called pumping action, 
while the work spent on suction and exhaust is defined as pump
ing losses. These losses are determined by the shaded area shown 
in Fig. 169. The pumping losses are accounted for by the mechani
cal efficiency factor.
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The degree of heat utilization in internal-combustion engines 
is determined by their thermal, indicated and brake efficiencies.

The thermal efficiency, as is known from thermodynamics, 
appraises the heat losses transferred to the heat sink. The thermal 
efficiency for various cycles is found from formulas (1-133), (1-134) 
and/or (1-135).

4. Indicated Efficiency

In contrast to thermal efficiency, the indicated efficiency takes 
into account the heat losses during work of an engine under 
actual conditions, i.e., the heat losses with the cooling water, with 
the exhaust gases, radiation losses, etc. (i.e., all the losses except 
for friction losses in the engine mechanism). The combustion 
process depends to a considerable degree on the operating condi
tions and the excess-air factor. With low excess-air coefficients 
combustion of the fuel is usually slow and as a result it continues 
during expansion. The phenomenon of fuel afterburning adversely 
affects engine performance and results in higher heat losses both 
with the cooling water and the exhaust gases.

The indicated efficiency of a cycle is the ratio of the amount of 
heat converted into work in the engine cylinder to the total heat 
received:

"n i
632

b&L
(5-20)

where 632 =  thermal equivalent in kilogram calories of 1 hp-hr; 
bt =  specific fuel consumption, kg per hour per ihp (the 

indicated horsepower measured with an indicator 
determines the cylinder output without taking into 
account mechanical losses);

Ql =  heating value of fuel.
Thus, the indicated efficiency shows in the form of a fraction the 

part of the received heat that is converted into work in the engine 
cylinder.

The main factors influencing indicated efficiency are the excess- 
air coefficient, the compression ratio, the quality of the mixture, 
the ignition timing, heat-transfer conditions, the condition of the 
engine, in particular, the tightness of the piston rings, etc.

Influence of Excess-air Coefficient. The indicated efficiency is 
very noticeably influenced by the excess-air coefficient a.

Fig. 170 shows the relations % =  /(a ) and —- =  / ( a) for car
burettor engines. The value of q; increases with a and reaches

21*
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its maximum when.a =  1.1. Experience confirms that the indicated 
efficiency drops when a  ^  1.2.

The tdp curve shows that the ratio — reaches its maximum
when a =  0.9, which is possible when the air is used to the limit 
for fuel combustion, as well as when the engine develops its 
maximum power output.

0.7 0.8 0.3 1 0  1.1 a.

Fig. 170. Relations t). and — =  /(a )  
in carburettor engines

Vi
a

Vi

/
1.0 Ts To TSa

v .
Fig. 171. Relations— and i ) .  =  f  (a) 

In compression-ignition engines

In high-compression engines with compression ignition these 
relations have a different nature. The indicated efficiency increases 
with an increase in the excess-air coefficient a, i.e., it increases 
with a reduction in the power output (Fig. 171). This is due to 
better atomization of the fuel mixture with a lower fuel delivery. 
As the engine power output increases, t]* gradually drops to a 
certain limit, after which a sharp drop takes place. This may also 
be attributed to poorer atomization of the fuel mixture and com
bustion of the fuel.

The top curve shows that the ratio —  increases with a reduction 
in a, i.e., with a growth in engine power output to a certain limit, 
after which a sharp drop in — and t]* is observed.

Influence of Compression Ratio. In four-stroke engines the com
pression ratio e is determined as follows:

V h + V c
Vc (5-21)

In two-stroke engines the ratio
Va +  V e V h + V c

Vc Vc (5-22)

is called the apparent compression ratio (see Fig. 166),
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The actual compression ratio is
Vg . (V h ~ V e )  +  Ve (5-23)

The compression ratio for various types of engines is determined 
from Table 16.

Table 16

Type of engine
Compression ratio

From To

Gas en g in es ................................................................ 8 9
Low-compression oil e n g in e s .................................. 3 10
Air-injection compression-ignition engines . . . . 14 16
yUrless-lnjectlon compression-ignition engines: 

with mechanical a tom iza tion .......................... 12 14
with precombustion-chamber atomization . . 16 18

Automotive (carburettor) e n g in e s ........................... 3.5 6.7
Motor-cycle e n g in e s .................................................. 5.4 10
Aircraft e n g in e s ......................................................... 5.5 7.5

The value of the compression ratio quite noticeably influences 
the indicated efficiency which increases with a growth in the 
compression ratio.

It should be taken into account that the higher the compression 
ratio in carburettor engines, the greater the possibility of detona
tion, which is accompanied by incomplete combustion, increased 
beat rejection to the cylinder walls and cooling medium, the 
appearance of sharp knocks in the region of the combustion cham
ber, etc. When an engine works with detonation all these pheno
mena lead to a considerable reduction in the economical efficiency 
,of the working cycle.

The maximum value of the compression ratio determined by the 
•appearance of detonation depends on the quality of the fuel, the 
.design of the combustion chamber, the engine duty, etc.

Fig. 172 shows a graph of indicated efficiency against com
pression ratio. Point 1 corresponds to the beginning of detonation, 
after which the indicated efficiency sharply drops along curve 2. 
Hence the conclusion should be made that in carburettor engines 
the maximum tolerated compression ratio may be such a ratio up 
to which the indicated efficiency increases.

In engines with compression ignition an increase in the com
pression ratio results in a higher indicated efficiency. In these
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engines, however, a lower limit of the indicated efficiency is 
established below which reliable ignition is impossible. An exces
sive increase in the compression ratio is connected with an increase 
in the final combustion pressure of the working process which 
necessitates the manufacture of heavier main engine parts (pistons, 
connecting rods, crankshafts, etc.).

Influence of Mixture Quality. The quality of the fuel-air mixture 
is determined by the uniform distribution of the fuel in the com
pressed air charge, as well as by the degree of fuel atomization. 
Coarse atomization and uneven fuel distribution in the combustion 
chamber lead to higher losses due to chemically incomplete com
bustion and thus to a reduction in the indicated efficiency.

H

Fig. 172. Graph of indicated effi
ciency against compression ratio

a, deg. Cent.
Fig. 173. Combustion process in 

low-compression engines

Influence of Ignition Timing. The carrying out of a normal work
ing cycle with a high indicated efficiency is influenced by the 
timing of fuel ignition selected (the fuel ignition advance) which 
should ensure a timely combustion pressure increase and a maxi
mum power output.

Let us now consider the working process in an unfolded indicator 
diagram in p-v or p-a coordinates, where a denotes degrees of 
crank travel. The unfolded indicator diagram permits to set apart 
and present more exactly the combustion process (Fig. 173). With 
no fuel ignition in engines with rapid combustion (when v = const), 
the compression pressure will follow curve 1-2 and the expansion 
pressure dotted curve 2-4. Expansion curve 2-4 is not entirely 
symmetrical to the compression curve due to heat exchange 
between the gases and the combustion-chamber walls.

The moment of fuel ignition is shown by point 1 (in Fig. 173). 
The nature of the change in pressure in the engine cylinder re
mains the same along section a, as with no combustion, and then 
it changes with a sharp rise in pressure up to point 3. It has been
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established that ignition of the fuel-air mixture is preceded by a 
preparatory period, the so-called ignition delay (induction period), 
during which the fuel undergoes a number of physical and chemi
cal transformations. Section a in Fig. 173 corresponds to this pe
riod, when an insignificant amount of heat is liberated per unit of 
time in the cylinder. That is why no deviation in the pressure as 
compared to compression without combustion will be noted in the 
indicator diagram.

The subsequent combustion of the fuel mixture (section b) causes 
propagation of the flame through the whole combustion chamber, 
which is accompanied by a 
sharp rise in pressure. This 
combustion period is character
ized by the ratio (kg/cm2-
deg) which determines the rate 
of pressure rise and, therefore, 
the rigidity of engine opera
tion. The value Ap shows the 
rise in pressure along section b 
between points 2 and 3.

The rigidity of engine opera
tion is also influenced by the 
nature of transition of the com
pression curve to visible combus
tion. In an actual process an in
crease in the curvature in this 
part of the diagram reduces the 
rigidity of engine operation.

The duration of the first period along section a is determined 
mainly by the molecular structure of the fuel, the compression 
ratio, the turbulence of the mixture, the quality of fuel atomization 
and the power of the source of ignition.

The pressure rise during the second period (section b) depends 
on a number of factors, primarily, on the grade and properties, 
of the fuel and the air-fuel ratio. In particular, highly inflammable
fuels as well as rich mixtures increase the value of the ratio —An
The design factors influencing the rate of pressure rise include the 
shape of the compression chamber, the location and the number 
of ignition sources, etc.

Fig. 174 shows an example of an unfolded diagram of a com
bustion process in high-compression engines (Trinkler cycle). 
The combustion process may be schematically divided into the 
following phases:

100 75 50 15 0 25 SO 75 100 
T.D.C. 

oc, deg. Cent.

Fig. 174. Combustion process in high- 
compression engines
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(1) ignition delay (section a)\
(2) combustion of the main mass of atomized fuel (section 6);
(3) subsequent combustion of the remaining fuel (section c).
The first period is characterized by the beginning of fuel injec

tion and continues until a sharp rise in pressure takes place at 
point b of fuel combustion. This phase determines the duration of 
ignition delay and is due to the influence of the factors considered 
above.

The second period is characterized by a sharp rise in pressure 
and is accompanied by combustion of the major part of the injected 
fuel. Here the flame does not propagate along a line, but appears 
at various points in the combustion chamber. The rate of com
bustion during the second period is influenced in the main by the 
duration of the first preparatory period, the degree of uniformity 
and the composition of the mixture, the turbulence of the mixture, 
the quality of the fuel, etc.

Due to the fact that all the mixture is ignited during the first 
preparation period (except for a certain part of the fuel that is
injected later), a sharp increase in pressure is ensured during 
the second period. The influence of all the other factors remains 
the same as for combustion in engines with an external source of 
ignition.

The third period starts when combustion of the main mass of
fuel is completed and the flame has spread through the whole
combustion chamber. The resulting pressure, temperature and,
therefore, speed of reaction are so favourable for combustion that
the particles of the mixture in the remaining part of the charge 
burn with practically no ignition delay, thus allowing to maintain 
the pressure in the cylinder almost constant.

Influence of Heat Exchange. The combustion chamber accounts 
for the main heat losses to the cooling medium. The heat transfer 
to the cylinder walls and the cooling medium depends on the ratio
of the combustion-chamber surface area to its volume. The higher
this ratio, the lower the indicated efficiency due to the rise in heat
losses.

In carburettor engines the best shape of the combustion chamber 
is a spherical one. In compression-ignition engines the shape of 
the combustion chamber depends mainly on the conditions of fuel 
atomization and mixing, however the heat losses to the cooling 
medium depend on the same factors, i.e., on the ratio of the area 
of the combustion-chamber surface to its volume.

The heat-transfer conditions are influenced by the speed of the 
crankshaft or, more exactly, by the average piston speed. In high
speed engines the turbulence of the mixture is greater, which 
causes greater heat transfer, but at the same time the heat losses
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are reduced due to the gases being in contact with the walls for 
a shorter time. Experience shows that due to the influence of both 
these factors an increase in engine speed raises the indicated 
efficiency. In an actual working process there are also heat losses 
caused by deviation of the compression and expansion curves from 
adiabatic ones due to heat transfer to the chamber walls during 
combustion, expansion and compression, which are accounted for 
by indicated efficiency; therefore the ratio

—  =  1,.i (5-24)1th
characterizes the degree of perfection of a working process and is 
known as relative efficiency.

This ratio varies from 0.40 to 0.48 for compression-ignition 
engines, and from 0.25 to 0.65 for gas and carburettor engines.

5. Mechanical Efficiency
Mechanical efficiency determines what part of the indicated work 

is converted into useful work that can be obtained directly at the
engine crankshaft. Thus, the mechanical efficiency takes into account
all the mechanical losses caused by friction and resistance in
the engine, such as friction of the piston rings and in the shaft
bearings, as well as the losses connected with the driving of
pumps, compressors and other auxiliary units required for engine1
operation, the resistance during intake and exhaust, etc.

The mechanical efficiency is determined from the expression

-1 m =  (5-25)

w h e r e  f V 6  =  b r a k e  h o r s e p o w e r  o f  a n  e n g i n e ;
Nj =  indicated horsepower of an engine.

T h e  v a l u e  o f  r j m  v a r i e s  f r o m  0 . 7 2  t o  0 . 9  f o r  d i f f e r e n t  t y p e s  o f  
engines.

The brake horsepower is the indicated horsepower N* less the 
friction horsepower NJr,

=  — Nfr hp. ' (5-26)
The brake mean effective pressure (bmep) is accordingly

Pb =  P i —  P fr  kg/cm2. (5-27)
The friction horsepower is determined experimentally. The main 

part of the friction horsepower (up to 60 per cent) relates to the 
friction between the piston and the cylinder walls. The losses in 
the shaft bearings and other parts of the engine mechanism reach
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20 per cent, while the pumping losses (suction, exhaust, expelling 
of exhaust gases, as well as compressor operation) constitute 20 to 
22 per ceiit.

The friction horsepower is also influenced by the viscosity of 
the lubricating oil, the intensity of cooling, the speed of the engine, 
etc. To determine the influence of all these factors is quite a com
plicated experimental problem.

Influence of Engine Speed. Fig. 175 shows the frictional horse
power against speed for carburettor engines. A similar relation 
has been obtained for compression-ignition engines. In both cases 
the change in friction horsepower Nfr against engine speed can be 
obtained from the following equation:

Nfr =  Anm, (5-28)
where A =  constant factor for a given engine; 

n =  engine speed, rpm;
m =  mean exponent varying from 1.7 to 2.2 for carburettor 

engines and from 1.5 to 2.0 for compression-ignition 
engines.

Influence of Load. In carburettor engines the power output is 
controlled by throttling the working mixture intake. As a result of

throttling the intake pressure is re
duced, which leads to an increase in 
the pumping losses. Throttling, how
ever, causes a reduction in the fi
nal pressure, and this leads to. reduc
tion of the friction losses. Experience 
shows that these two changes com
pensate each other and have no notice
able influence on the power output.

In compression-ignition engines 
the output is governed by control
ling the quantity of fuel delivered in
to the engine cylinders, the amount of 

air remaining constant; the pumping losses therefore also remain 
constant at any power output and a constant engine speed.

A change in the viscosity of the lubricating oil layer, which is 
connected with the temperature fluctuations of the mated surfaced 
and the temperature of the cooling water, is also a factor influenc
ing friction horsepower losses.
6. Brake Thermal Efficiency and Parameters of Working Cycle

The brake thermal efficiency, also called overall efficiency, deter
mines what part of the heat received is converted into useful work 
available on the engine crankshaft. Thus, the brake thermal

fig . 175. Frictional horsepower 
against engine speed
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efficiency accounts for both the thermal losses (determined by r^) 
and the mechanical losses (determined by qro). The brake thermal 
efficiency is determined from the following formula:

632

ebQTL 0r Vlm’l/ =  7Ii7W. (5-29)

where gb = heat consumption per bhp-hr.
The values of rjf, for various types of engines are given below.

Type of engine

Four-stroke airless-injection engines 
Four-stroke air-injection engines 
Two-stroke airless-injection engines 
Qas and carburettor engines

0.34 to 0.40 
0.30 to 0.34 
0.32 to 0.35 
0.20 to 0.30

Basic Parameters of Working Cycle. The excess-air coefficient a 
in internal-combustion engines is of great importance both for 
complete combustion of the fuel and effective utilization of the 
cylinder volume. For various types of engines the following values 
of the excess-air coefficient, based on experimental data, are taken: 
for gas engines a = 1.05 to 1.4, for air-injection engines a = 1.5 
to 2, for airless-injection engines a = 1.6 to 2.1, for petrol engines 
<x = 0.9 to 1.1.

The higher values of a  are taken for powerful gas engines in 
which large quantities of gas and air are mixed. In oil engines 
the higher excess-air coefficients are employed for designs that do 
not have special means of ensuring turbulent motion of the air, 
the latter providing better mixing of it with the fuel.

In order to determine the basic parameters of the working cycle 
(intake, compression, combustion, expansion and exhaust), the 
following data should first be appraised:

(1) the pressure at the beginning of compression pa, which may 
range from 0.8 to 0.9 ata;

(2) the pressure at which the gases are exhausted pr, which 
may vary from 1.1 to 1.22 ata;

(3) the intake air pressure p0 = 1 ata;
(4) the temperature of the residual gases Tr, which is 600 to 

800 deg K in compression-ignition and 900 to 1100 deg in carbu
rettor engines;

(5) the air intake temperature T0, which is taken equal to from 
290 to 300 deg K;

(6) the compression ratio e of the engine, the value of which 
should be taken for the various types of engines from Table 16.
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Let us determine the basic parameters of the working cycle. The 
final pressure upon compression in a polytropic process will be

i
Pc =  Pasni ata. (5-30)

The exponent nt of the polytropic compression curve is taken 
from 1.34 to 1.39 depending on the speed, type and specific design 
features of the engine. The value of decreases when the engine 
cylinders, pistons and other parts are cooled intensively.

The final temperature in polytropic compression will be

Tc =  Tat*>-' degK. (5-31)

The maximum combustion pressure pz for a constant-volume 
process is found by the temperature at the end of combustion Tz 
(Table 17) from the following relation:

Pz =  P $ -T ~ aia> (5-32)
1 C

where

The value p is the actual factor of molecular change , in gases; 
p0 is the chemical factor of molecular change, and y is the residual 
gas factor.

In a mixed cycle the parameters of the combustion process are
determined after estimating the pressure ratio k = ~  and the
heat-liberation factor g, which accounts for the heat losses during 
combustion.

Table 17

Type of engine pz

C a r b u r e t t o r  e n g i n e s ...................................... 25-30 600-750 2500-2800
O il  e n g i n e s ........................................................... 18-20 600-750 1600-1700
L o w - s p e e d  h i g h - c o m p r e s s io n  e n g in e s 35-55 750-850 1700-2000
H i g h - s p e e d  h i g h - c o m p r e s s io n  e n g in e s 45-80 750-900 1800-2100
G a s  e n g i n e s ........................................................... 30-45 700-800 2300-2500

The values of Tc, pz, Tz, g and k for various types of engines can 
be taken from Tables 17 and 18,
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Table 18

Type of engine K c

C a r b u r e t t o r  e n g i n e s ..................................................... ..... 3 .5 -4 .0 0 .8 -0 .9 2

E n g in e s  w i t h  p r e c o m p r e s s lo n  c h a m b e r  c o m b u s t io n 1 .4 -1 .6 0 .7 -0 .7 5
E n g in e s  w i t h  d i r e c t  c o m b u s t i o n ........................................... 1.4 -2 .2 0 .7 -0 .8 0

O a s  e n g i n e s .......................................................................................... 2 .2 -2 .5 0 .8 -0 .9 2  -

In a mixed cycle the maximum combustion pressure is
Pz =  ^pe ata. (5-33)

To determine the mean indicated pressure, as well as the output 
and the performance of an engine, it is necessary to determine the 
parameters of the expansion process.

Let us determine the preliminary expansion ratio:

P =  (5-34)

In a constant-volume combustion cycle the preliminary expan
sion ratio p =  1.

In a constant-pressure combustion cycle the pressure ratio X = 1. 
The pressure at the end of expansion is found from the relation

/7„ =  ^ a t a ,  '(5-35)

where 6 =  ratio of subsequent expansion, which is equal to —;
«2 = 1.23 to 1.3.

For high-speed engines the lower values of n2 are taken due to 
the lower degree of gas cooling, the longer period of fuel afterburn
ing and the relatively low pressure losses through the piston rings. 

The temperature at the end of expansion will be

Tb =  ^ f r r  degK. (5-36)0 2

The indicated mean effective pressure is obtained by dividing 
the work performed during a cycle by the volume Vh, i.e.,

Pl : W V h ’ ,or pt ~  104 (e — 1) V c kS/cir2> (5-37)

where Vh — working volume of cylinder, cu m;
Ve =  volume of compression chamber, cu m.
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For a polytropic compression process the negative work will be

. n i - 1

Li = -p eve- z = r (5-38)

Correspondingly the positive work for a polytropic expansion 
process of a cycle with constant-volume combustion will be

1 — ;rrr
L, =  Py c ~n2C ~  ■ (5-39)

Since the cycle work is
L i =  L i  —  L \,  (5-40)

then after performing simple mathematical transformations an ana
lytical expression is found for the indicated mean effective pressure 
of a cycle with constant-volume combustion:

Pi
Pc Pz_ 

'  Pc

1 —-• «2-l
n2 — 1 t i l  —  1 kg/cm2. (5-41)

The work in a cycle with constant-pressure combustion will be 
Li =  Li -f- Z,3 — Lu (5-42)

where L  ̂=  negative work of polytropic compression determined 
from formula (5-38);

L2 =  positive work of constant-pressure combustion process; 
Z.3 =  positive work of polytropic expansion process.

Since
L2 =  pcVc( p - \ ) ,  (5-43)

and

sn2-l
^3 =  PcK  p —rî - T~ ’ (5-44)

then the indicated mean effective pressure in kg/cm2 for a cycle 
with constant-pressure combustion will be

Pi Pc 
£ — 1

nn2— 1
n, - i

Similarly, the work of a mixed cycle is 

Li =  Li -j- L3 — L\.

kg/cm2. (5-45)

(5-46)
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Since

and
L2 =  ^pcVc{ ? ~ \)

l1-
L * = P c V M - n2 — 1 ’

the indicated mean effective pressure for a mixed cycle will be
1 , 1

, Pc
^  =  7=1

1
Mp — i)+^p

B"2' 1
n2— 1 n, — 1 J kg/cm2. (5-47)

These equations are the basic ones for determining the indicated 
mean effective pressure of theoretical diagrams.

Fuel Consumption. The amount of fuel burned to obtain 
1 ihp-hr of work of a cycle characterizes engine performance and 
is determined from the formula

B
g l ~  N t ' (5-48)

where B = fuel consumption per hour.
The indicated fuel consumption can be determined theoretically:

gi
632

’I iQrL
(5-49)

The fuel consumption per brake horsepower hour is accordingly

* * = t -  (5-50)

7. Comparison of Theoretical and Actual Indicator Diagrams
In an actual process the combustion curve diverges from the 

constant-volume and constant-pre'ssure curves, and the transitions 
from one process to another (the end of expansion, the beginning 
of exhaust, etc.) are not distinct, and appear in the diagram in the 
form of rounded-off curves (see Figs. 162-164).

In an actual process, besides, there is continuous heat exchange, 
its magnitude depending on the temperature difference between 
the working fluid and the cylinder walls and on the dimensions of 
the surface through which the heat is transferred. Since in an 
actual process the temperatures of the working fluid and of the 
walls vary, the processes of compression and expansion are poly
tropic processes with continuously varying exponents.
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The deviations of actual indicator diagrams from their theoreti
cal counterparts result in a somewhat smaller area of the actual 
diagrams,-which leads to a reduction in engine output. The reduc
tion in the actual diagram area in comparison with that of the 
theoretical diagram is approximately shown by the factor tp, its 
value varying from 0.92 to 0.98.

In two-stroke engines the rounded-off diagrams and the cor
responding power output loss on the combustion section are com
pensated by the additional useful work performed during exhaust 
and scavenging, and the theoretical indicator diagram is therefore 
corrected only by the reduced useful working volume of the cylin
der (V h — V e) .  Therefore the actual indicated mean effective pres
sure will be

where /i^ indicated mean effective pressure of the theoretical 
indicator diagram determined from the formula for 
four-stroke engines.

8. Determination of Principal Dimensions of Engines

The power at the engine shaft is determined from the brake mean 
effective pressure Pb which takes into account all the mechanical 
and thermal losses.

The maximum values of Pi and pb for various types of engines 
are given in Table 19.

Table 19

Type of engine Pi pb

Low-speed high-compression e n g in e s ................... 8-10 6-9
Automotive carburettor eng ines.............................. 7-9 6-8
High-speed hlgh-compression e n g in e s ................... 6-10 5-9
Aircraft supercharged carburettor engines . . . . 12-18 10-16

Since it is very complicated to determine the friction horsepower 
theoretically, brake horsepower N b is found through the mechanical 
efficiency r)m, which is selected according to the type of engine. 
Thus, the brake horsepower and, correspondingly, the brake mean 
effective pressure will be:

^ b == N  jT\mt P b ^ = P i 1\m (5-52)
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If the main dimensions of a four-stroke engine, such as the 
cylinder bore, the piston stroke and also the speed are known, the 
brake horsepower is determined from the formula

■KD'SpinlUn, .
4 X 60 X 752 p ' (5-53)

where D — cylinder bore, cm;
5 =  piston stroke, m;

p t =  indicated mean effective pressure, kg/cm2, which is 
taken from Table 19; 

n =  speed, rpm; 
i =  number of cylinders;

■nm =  mechanical efficiency; 
z  =  number of shaft revolutions per working stroke, for 

four-stroke engines z = 2, for two-stroke engines 2 = 1. 
The indicated horsepower Af,- is also determined from formula 

(5-53), but with T]m excluded.
Determination of the Principal Dimensions of an Engine. For 

determining the cylinder bore D and the piston stroke S when the£
brake horsepower Nb and the speed n are given the ratio
should be used, which may be selected from Table 20 for various 
types of engines. O

The main dimensions of an engine are determined from the 
ratio as follows.

The working volume of the cylinder Vb is determined from the 
given values of Nb and n\

whence

From formula (5-54)
(5-54)

or
(5-55)

The cylinder diameter may also be determined through the given 
mean piston speed cm which is taken up to 6.5 m/sec for
slow-speed engines, and over 6.5 m/sec for high-speed ones.

2 2-814
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Table 20

Type of engine 5
D

Low-speed high-compression e n g in e s ................... 1.2-2.0
High-speed high-compression en g in es ................... 0.9-1.5
Automotive carburettor eng ines.............................. 0.8-1.5
Aircraft carburettor engines .................................. 0.8-1.4
Oas en g in es ................................................................. 1.2-2.0

Example. Determine the piston stroke and the cylinder bore for a slow-speed 
engine from the mean piston speed if the speed of the crankshaft n = 250 rpm 
and the working volume of the cylinder V h  = 0.068 cu m.

Since the mean piston speed is determined from the expression c™ = go 
then assuming this speed to be cm = 4 m/sec, we find

5 = cm30
n

4 X 3 0
250 =  0.48 m.

From formula (5-54) the cylinder bore is

1
f  4 X 0  068 

V 3.14 X  0.48 0.425 m.

9. Heat Balance of Engine
Only from 20 to 39 per cent of the heat energy of the fuel 

supplied to an engine is converted into useful work, the remaining 
part of it is spent for cooling purposes, is rejected with the exhaust 
gases, etc.

The distribution of the heat supplied to an engine is illustrated 
by the heat balance, which is drawn up with account taken of all 
the kinds of heat consumption and makes it possible to appraise 
the efficiency of engine operation under various loads.

The heat balance also allows to determine the amount of water 
required for cooling purposes, the dimensions of the cooling sur
faces, etc.

In a general form the heat balance is expressed as follows:
Q — Qe +  Q™ +  Qg +  Qin.c +  Qres kcal/hr (5-56)

or
<Je +  +  Vm-C +  Vres  =  100 Per C e n t > (5-57)

where Q =  heat liberated upon combustion of fuel, kcal/hr;
Q(f =  heat converted into useful work, kcal/hr;
Qw =  heat spent on cooling, kcal/hr;
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Q? =  heat losses with exhaust gases, kcal/hr;
Q.n c =  heat losses due to incomplete combustion 

of fuel, kcal/hr;
Qres =  residual term of the heat balance, equal to 

the sum of all the remaining losses, 
kcal/hr;

qe, Rg< Qin.c' ?,« =  corresponding components of the heat
balance in per cent, for example, qe =  '
=  %- X 100, etc.

Fig. 176 shows a detailed diagram of a heat balance giving a 
graphic illustration of the heat flow in a working engine.

r Heat spent fo r h eatin g in le t 
system Heat o f  exhaust 

gases used fo r  
heating

Fig. 176. Detailed diagram of engine heat balance

From the general equation of the heat balance it can be seen 
that the friction heat losses are not considered by a separate term 
of the balance, since the work spent on these losses is converted 
into heat that is carried off mainly by the cooling water and lubri
cant, a small amount being dissipated to the ambient air.

The heat liberated upon combustion of the fuel will be
Q =  QrLgeMb kcal/hr. (5-58)

The heat equivalent of the useful work of the engine is 
Qe =  632Â 6 kcal/hr.

22*

(5-59)
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The cooling losses Qw include the losses of heat with the cooling 
water and the lubricant.

The heaC losses with the cooling water are:
Qw =  cwMwGw kcal/hr, (5-60)

where Gw =  consumption of water, kg/hr;
cw =  heat capacity of water, kcal/kg-deg C; 

btw =  temperature rise of water, deg C.
When the pistons are cooled with oil, the heat losses with the 

oil are included in Qw.
The heat losses due to external cooling are accounted for in the 

residual term of the heat balance or are approximately calculated 
by solving the heat-transfer equations and summing up these losses 
over the separate sections of the external surfaces of the engine:

Qw =  Z(<iFi)(ti — tamb) kcal/hr, (5-61)
where a =  coefficient of heat transfer from external surfaces of 

the engine to the ambient air (a =  12 to 20 kcal/m2-hr- 
deg C);

t, =  temperature of external cooling surface of section i% 
deg C;

iamb=  ambient air temperature, deg C; '
Fi — area of external surface with a temperature sq m; 

i =  sections of the external surface.
The absolute value of the heat losses due to external cooling is 

negligible, therefore the method of computing Qw from the heat- 
transfer equations should be used only for purposes of control.

It should be borne in mind that the heat losses due to cooling 
may be reduced only to a certain limit, since a considerable reduc
tion in cooling the engine parts may be followed by overheating 
of the pistons, burning of the rings, etc.

The losses Qs are found from the difference between the heat 
contents of the exhaust gases and that of the sucked-in air.

The losses Q;n. c are usually determined from a complete gas 
analysis.

The residual term Qres of the balance includes the following 
losses: heat rejection to the ambient air, the unused kinetic energy 
of the exhaust gases, as well as all the inaccuracies of measure
ments and calculations.
10. Mixture Formation

Mixture formation is the process of distributing the fuel in a 
medium of compressed air.

Mixture formation may be external, the fuel being mixed with 
the air outside the cylinder (in carburettor and gas engines), and
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internal, the fuel-air mixture being formed inside the cylinder 
(compression-ignition engines).

The quality of the mixture acquires special importance in high
speed engines, due to the increased piston speed and a shorter 
duration of the fuel-air mixing process.

A high-quality mixture is obtained in high-speed engines by 
employing combustion chambers of a special design (turbulent,

precombustion chambers, etc.), various atomizing nozzle ele
ments, etc.

Fine fuel atomization is the main factor ensuring a good mixture 
in compression-ignition engines. In this type of engines when the 
fuel jet is injected into the compressed air medium the most minute 
fuel particles are broken off, forming a finely atomized fuel mass.

The main condition for high-quality mixing in carburettor 
engines is the uniform distribution of the fuel in the sucked-in air.

In compression-ignition engines (Fig. 177) the fuel is injected 
through nozzle 3 into combustion chamber 4, being supplied to the 
nozzle by pump 1 through fuel pipe 2.

In airless-injection engines of this type the fuel is directly 
atomized by the fuel pump, while in air-injection engines com
pressed air at up to 60 atmospheres is used for this end.

In gas engines the fuel is mixed with air in special mixing 
chambers. The air and the gas fuel are delivered through pipes 1 
and 2 into mixing chamber 3 (Fig. 178) whence through suction.

Fig. 177. Diagram of compres- Fig. 178. Diagram of gas engine
sion-ignilion engine
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valve 4 the mixture enters combustion chamber 6. Spark plug 5 is 
provided to ignite the mixture. The components of the mixture are 
regulated by means of throttles 7.

In carburettor engines the air passes through pipe 1 (Fig. 179), 
while the fuel flows from float chamber 2 through jet 3, after which 
in an atomized state together with the air it passes via inlet valve 4 
into combustion chamber 6. The mixture is ignited by means of an 
■electric ignition system and spark plug 5.

Fig. 179. Diagram of carburettor Fig. 180. Combustion chamber of 
engine divided type

/  —  n o z z l e ;  2  — I g n i t i o n  d e v i c e ;  3  —  p r e c o m b u s 
t i o n  c h a m b e r ;  / — c y l i n d e r  l i d ;  5  — a t o m i z i n g  
o r i f i c e  o f  p r e c o m b u s t i o n  c h a m b e r ;  d  — c o m b u s 

t i o n  c h a m b e r

Combustion Chambers. Combustion chambers are classified 
according to their design into open and divided chambers.

An open combustion chamber is the space contained between the 
piston, the cylinder walls and the cylinder head. In open chambers 
the piston crowns are designed with a various degree of con
cavity.

Divided combustion chambers (Fig. 180) consist of two parts, 
viz., precombustion chamber 3 in which partial combustion takes 
place and main combustion chamber 6 located above the piston 
space. Combustion first takes place in the precombustion chamber. 
Here the increased pressure formed upon combustion of the fuel 
results in delivery of the partly burned fuel particles into the main 
■combustion chamber. Such a system of fuel atomization permits to 
use comparatively low fuel delivery pressures (about 110 atm).
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while in engines with open combustion chambers the same quality 
of fuel atomization can be obtained only by increasing the pressure 
up to from 250 to 300 atm.

Divided combustion chambers also include turbulent and air-celt 
chambers. The main feature of these chambers is the creation of 
turbulent air streams ensuring better mixing of the fuel with 
the air.

Depending upon the type of combustion chambers fuel atomizing-' 
is known as precombustion chamber spraying (in engines with 
precombustion chambers) and jet atomizing (in engines with open- 
combustion chambers).

11. Fuel Supply Equipment
The fuel supply equipment is designed to meter, atomize and' 

inject the fuel into the combustion chamber. The fuel equipment 
consists in the main of a nozzle, a fuel pump and fuel piping.

Fuel Pumps. A fuel pump usually consists of a hollow steel 
cylinder (barrel) with a plunger, an inlet valve, a discharge valve, 
and with a device for hand and .automatic control. The so-called 
valueless pumps are supplied only with discharge valves, while 
the suction valves are replaced with special ports that are peri
odically opened by the plunger.

Due to the high pressures developed in the pump, its barrel is 
made of a seamless forged blank with subsequent drilling of all 
the inside ducts.

The valve seats are made in the form of separate bushings to 
facilitate maintenance and replacements. The discharge valves are 
located in the upper part of the pump, which permits to exhaust 
the air accumulating in the pump barrel. Fuel pumps are usually 
driven by cams of the camshaft.

The fuel supply is mainly regulated in one of two ways, viz., by 
changing the end or the beginning of fuel injection.

When the end of fuel injection is regulated the beginning of 
injection remains unchanged at any load and speed, while with 
the second method the beginning of fuel injection varies with the 
speed, whereas the end remains constant.

Fig. 181 shows a fuel pump with both inlet and discharge valves. 
Fuel from the tank is delivered to chamber 7. When plunger 1 
moves downward the space above the plunger is filled by the fuel 
entering through inlet valve 4. When the plunger moves upward 
this valve closes automatically, while the fuel will overcome the 
force of the spring of delivery valve 5 and flow to the nozzle.

The amount of fuel delivered is regulated by means of by-pass 
valve 8 that opens under the action of rod 9 which is connected to
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the sleeve of the regulator. When the load changes the regulator 
causes rod 9 to displace, and as a result the spindle of valve 8 
moves alorig the thread and opens a duct for by-passing the excess 
fuel into the sump tank. Valve 6 controls the level of fuel in 
chamber 7.

J  — plunger; 2 —spring; 5 —sleeve; 4 — Inlet valve; 5 — discharge valve; 5 — control valve;
7 — admission chamber; 9 — by-pass valve; 9—rod connected to governor

In fuel pumps where the beginning of injection is changed the 
by-pass valve and its regulating mechanism are relieved of the 
high delivery loads. In pumps where the end of fuel injection is 
changed the by-pass valve, which opens during injection, is inevita
bly subjected to heavy loads together with its driving mechanism.

This makes it necessary to resort to intricate and cumbrous 
designs both of the regulating devices and of the fuel pumps as a 
whole.
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Fig. 182 shows a valveless fuel 
pump. In this pump the inlet and
by-pass valves are replaced with
ports 7 and 8 in sleeve 5. The 
fuel supply is regulated by turn
ing plunger 4, which has an ob
lique slot at edge 6 that permits 
the excess fuel to flow from the 
chamber above the plunger into 
port 7.

The plunger is turned by gear 
sector 1 which is connected to the 
regulator through a lever trans
mission. The gear sector rotates 
bushing 3 with slots 2 into which 
the widened shank of the plunger 
fits. The fuel is delivered to the 
nozzle through discharge valve 9.

The distinguishing feature of 
this pump is that the fuel is sucked 
in through port 8 of plunger 
sleeve 4 and that the fuel is by
passed through port 7.

Fig. 183 shows the three main 
positions of the plunger during 
engine operation. When the plung
er is at the bottom (Fig. 183a) 
the fuel fills the pump barrel, then 
as the plunger moves upward it 
closes the inlet port (Fig. 1836) 
and delivers the fuel to the nozzle. 
As soon as the spiral edge of 
the slot in the plunger reaches the 
inlet port fuel injection will stop 
(Fig. 183c), the fuel delivery 
chamber being connected in this 
position of the plunger to the in
let port through the spiral slot 
and vertical groove in the plung
er. After the plunger has re
turned to its bottom position the 
process is repeated.

Fuel Nozzles. Fuel nozzles are 
designed to deliver finely atom
ized fuel into the engine cylinder. Fig. 182. Valveless fuel pump-
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The fuel is atomized into minute particles by discharging it at a 
high speed, through the holes of the nozzle atomizer. The high speed 
of the fuel Hs provided by the high pressure developed in the pump.

Besides the method of direct fuel atomization by means of a 
pump described above, air atomization is used, wherein the fuel 
is injected into the engine cylinder and atomized by means of com
pressed air. This makes it necessary to have supplementary com
pressor equipment that complicates the engine and reduces its

performance and reliability. For 
these reasons such engines are 
not manufactured at present.

Nozzles are of the open and the 
closed types. Open nozzles have 
a constantly open discharge orifice 
for the atomized fuel. In this type 
of nozzles there is no closing de
vice stopping delivery of fuel to 
the atomizer. In closed nozzles a 
needle valve is used that opens 
and lets the fuel into the engine 
cylinder only during injection.

Closed nozzles are designed 
with a hydraulically controlled 

needle valve. The pressure developed in the fuel pump is trans
mitted to circular plate 12 of needle 13 (Fig. 184) and tends to 
lift it. Spring 2 keeps the needle on its seat in a closed position. 
When the pressure of the fuel exceeds the force of the spring the 
needle is lifted and fuel injected into the cylinder. The fuel is 
delivered to the nozzle through duct 10 and is injected into the 
engine cylinder after passing through filter 6 into the lower part 
of the atomizer.

These nozzles are called hydraulically controlled ones because 
the moment of opening and closing of the needle valve is determined 
Toy the fuel pressure in them. The quality of fuel atomization 
in these nozzles is regulated by changing the tension of spring 2 
and the needle-valve opening. It should be noted that at the initial 
moment the fuel pressure does not act on the needle surface at the 
spots where it fits against the seat, and therefore before the valve 
opens the pressure will be somewhat higher than when it closes. 
During injection the resistance created when the fuel passes 
through the atomizing holes will cause a pressure rise in the inter
nal space of the nozzle, which up to a certain moment will exceed 
the initial pressure of needle-valve opening.

Fig. 185 shows an open nozzle with a water-cooled bottom part. 
.Sleeve 1 with four longitudinal grooves 6 is arranged along the

%
f ■

1—11 >

r>1il f \1
Fig. 183. Principal positions of 
valveless fuel pump plunger during 

engine operation
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central duct of nozzle body 2, two of these grooves are used to 
supply the cooling water and the other two to discharge it. Thick* 
walled delivery tube 3 is located in the middle of body 2 with cap-f 
ground in to atomizer 5.

/ —Ignition device; 2 —spring;- 3 —cap; 4 —needle stop; 5 —disk; 6 — filter; 7 —body; 8 — pres
sure needle; 9 — body for securing nozzle and Ignition device; 10— duct; / /  — plug; 12 — plate 

taking pressure on needle; 13— needle

Carburettors. A carburettor is a device used to supply the desired 
quantity of fuel and mix it with air.

Fig. 186 shows a diagrammatic view of the simplest carburettor 
consisting of float chamber 9 filled with petrol, and jet 10 through



348 RECIPROCATING ENGINES

3

S  1 4
Section A -A

Fig. 185. Open fuel nozzle

which petrol is delivered into mix
ing chamber 1. The supply of air is 
controlled by means of throttle valve 
4 installed in air passage <3. Ven
turi 2 in the mixing chamber acceb 
erates the air sucked in from pas
sage 3 and thus reduces the pressure 
o f 'th e -a ir at the point where the 
jet is located. The venturi is located 
with orifice 11 of the jet in its throat. 
The fyel js suppljed to the float 
chamber through opening 5. When 
the fuel level rises float valve 8 
lifts needle valve 7 and stops the 
admission of the fuel. The amount 
of mixture supplied to the engine is 
regulated by throttle valve 12. 
Orifice 6 in the lid of the float cham
ber serves to equalize the air pres
sure over the surface of the petrol.

The carburettor is connected to the 
inlet manifold of the engine. During

Fig. 186. Diagrammatic view of 
simplest carburettor

The intake stroke a vacuum is created in ihe cylinder and is trans
mitted through the inlet manifold into the mixing chamber of the
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carburettor. Due to this vacuum the atmospheric air flows with 
a high velocity through the mixing chamber and the fuel flows 
out of the jet. The air carries along the fuel particles, which are 
broken up and evaporated, forming the fuel-air mixture.

The level of the fuel in the float chamber should be from 1 to 
2 mm lower than the discharge orifice of the jet, thus preventing 
the outflow of fuel when the engine is stopped. The jet consists of 
a brass tube with a calibrated orifice, the size of which determines 
the amount of fuel discharged through the jet.

The duty of a petrol engine depends on many factors (the speed 
of the vehicle, the weight of the load, etc.). In this connection the 
necessity arises for precise control of the mixture composition to 
meet the varying conditions of operation. The main working con
ditions of an engine with which the mixture should comply are 
starting, idling and light loads, medium or heavy loads and sharp 
transition from low to high loads.

The simple carburettor with one jet described above does not 
meet such greatly varying working conditions of an engine, and 
therefore additional devices (needle valves for increasing the 
richness of the mixture, idling jets, compensating jets, etc.) are 
employed. 12

12. Flywheel and Unbalanced Forces of Inertia
In a working engine besides the forces resulting from the pres

sure of the gases in the cylinder that are transmitted to the crank
shaft, unbalanced forces of inertia are also created by the re
ciprocating parts of the piston, the connecting rod and by the 
rotating cranks. The forces created by the pressure of the working 
gases are mutually balanced in the engine system and are not 
transmitted to the foundation, while the forces of inertia, being 
unbalanced, are transmitted to the engine frame, the bed plate and 
the foundation.

When the engine is working under constant load, the resistance 
to the rotation transmitted to the crankshaft remains constant 
whereas the forces caused by fuel combustion continuously vary. 
Thus the fluctuations in crankshaft speed are caused by the pe
riodical variation of the forces acting on the piston according to 
one law, whereas the resistance to rotation varies according to 
another law or remains constant.

The flywheel is designed to keep the speed fluctuations of the 
crankshaft within the desired limits. The fluctuation of crankshaft 
speed is characterized by the coefficient of steadiness, which is the 
ratio of the mean speed to the difference between the maximum
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Vmax and the minimum lAnm speeds during one revolution:

XSt v„,« —v,min
(5-62)

For electric generator drives the coefficient of steadiness varies 
from 100 to 300.

The flywheel diameter is determined from the formula

=  (5-63>

where Df =  flywheel diameter, m;
Vm — mean circumferential velocity of the flywheel, m/sec.

The maximum circumferential velocities for cast-iron flywheels 
range from 35 to 50 m/sec, and for cast-steel flywheels from 50- 
to 90 m/sec.

Flywheels with diameters over 2 m are of a split design. The 
halves of the flywheels in this instance are connected with wedges 
on the rim and with bolts and rings on the hub.

13. Governing Systems and Governors
The function of a governing system is to change the engine 

power in accordance with the changes in load. This is accomplished 
by controlling the amount of fuel admitted. The engine power is 
changed both at constant and at varying speed by changing the 
composition or the quantity of the fuel-air mixture, and therefore 
there have been developed qualitative, quantitative and combined 
governing systems.

Qualitative governing consists in varying the amount of fuel 
supplied with a constant total amount of mixture. Thus the compo
sition, i.e., the quality of the mixture, is changed with a change in 
the load.

With qualitative governing the magnitude of final compression 
remains constant at all loads, while the height of the combustion 
pressure and expansion curves will drop with a reduction in load. 
It should be noted that an excessively lean mixture prolongs the 
ignition process, and due to the completion of burning during the 
expansion stroke this will be accompanied by a noticeable devia
tion of the combustion curve from the theoretical one.

An excessively rich fuel mixture reduces the excess-air coeffi
cient, results in incomplete combustion and, therefore, in excessive 
fuel consumption.

In quantitative governing the quantity of the air-fuel mixture 
admitted to the cylinder is varied with a practically constant com
position thereof.
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The simplicity of governor design and sufficiently stable engine 
operation with small load variations are the main advantages of 
quantitative governing.

With quantitative govern
ing the intake pressure 
varies with the load, which 
leads to a change in the final 
compression pressure.

In combined governing 
both quantitative and quali
tative systems are used. The 
employment of combined 
governing makes it possible 
to use economically profitable 
fuel-air mixture compositions 
under any load. This is why 
combined governing is con
sidered to be a flexible and 
the most economical gov
erning system.

Carburettor engines that 
■operate at varying speeds 
can be controlled using one 
of the methods mentioned 
above. A change in speed, 
however, requires regulation 
of fuel ignition timing. For 
this reason in such engines 
fuel-air mixture governing is 
accompanied by regulation 
■of ignition timing.

Governor Design. Station
ary internal-combustion en
gines should develop a const
ant speed at any load. This is 
achieved by making the work 
of the gases in the engine cyl
inders (indicated work) equal 
to the sum of all the resist
ances, both in the mechanism and the external resistances of the 
applied load. If the indicated work exceeds these resistances, the 
speed of the crankshaft will inevitably increase and it thus becomes 
necessary to reduce the amount of fuel or mixture delivered.

The delivery of fuel is changed depending on the load by means 
of governors.

Fig. 187. Centrifugal governor
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The centrifugal governor (Fig. 187) is the most widespread type 
of governor in use. Weights 5 diverge under the action of centrifu
gal force £nd displace sleeve 3, which is connected through a trans
mission mechanism with the cut-off valve of the fuel pump and 
regulates the delivery of fuel.

Operation

Fig. 188. Controls of type U-16.5/20 engine

Operation of the governor is stabilized either by means of dash 
pot 1, or by employing additional springs that ensure more uni
form operation when the load on the engine is changed. The work 
of the dash pot and the tension of the additional springs are 
regulated and adjusted both when the engine is stopped and when 
it is working. In a governor with a dash pot the amount of oil 
therein is regulated by means of screw 2. The tension of spring 6 
is regulated with nuts 4. Fig. 188 shows the controls of a type
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£1,-16.5/20 engine, which consist in the main of a control mechanism; 
with starting lever 8, a governor, cam drive 15, fuel pump 9, etc.

The centrifugal governor is actuated by the crankshaft with the 
aid of gear 16. Weights 3 are hinged to the governor shaft. The 
weights are provided with ball bearings 2 and support 1 onto 
which the governor sleeve loaded with spring 7 is fitted. The 
spring is supported at the bottom by bearing 4.

The tension of governor spring 5 is changed by revolving hand- 
wheel 6, thus correspondingly changing the engine speed. Starting 
lever 8 can be placed in the following positions: “Start”, “Opera
tion” and “Stop”. When the lever is 
placed in its “Start” position lever 14 
of starting valve 12 with the aid of 
dog 13 opens a valve. When this occurs 
the compressed air used for starting the 
engine is supplied from a compressed 
air cylinder and space 10 into chamber 
11, and then through a special pipe is 
fed to the automatic starting valve in 
the cylinder lid.

When the starting lever is shifted to 
its “Stop” position roller 17 is moved 
upwards and the cam does not actuate 
it; the delivery of fuel is discontinued 
and the engine stops. If the lever is in 
its “Operation” position the starting 
system is disconnected and the engine 
runs on fuel.

In direct-action centrifugal governors the speed strictly depends 
upon the position of the governor sleeve, i.e., for each speed there 
is only one definite position of the governor sleeve. Usually this 
relation has a linear or near to linear nature. Thus the conclusion 
can be made that in this type of governors the parameter being 
regulated (the speed) changes with the load and, therefore, when 
the quantity of fuel delivered is changed.

Modern high-speed engines are provided with more complicated 
relay-type governors that ensure more precise control of fuel de
livery when the engine load changes rapidly.

Relay-type governors consist of the governor proper and a servo
motor. The principal elements of these governors are a hydraulic 
servomotor, a sensitive element (weights, a spring), a feedback 
mechanism and a speed adjuster.

The oil-filled servomotor consists of two pistons moving in 
cylinders. The first small-diameter piston 2 (Fig. 189) receives 
an impulse from governor 1 and pumps oil into the chamber of the

Fig. 189. Diagram of governor 
with feedback

23-814
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other adjacent cylinder. This oil, in turn, moves with an increased 
force the other piston 3 having a larger diameter.

Since movement of the servomotor piston is not uniform and 
fluctuates both upward and downward, feedback 5 is introduced, 
which reduces the fluctuations of the piston and stabilizes its posi
tion under the action of spring 6.

A special device known as a speed adjuster is included in the 
feedback mechanism to eliminate fluctuations of the speed when 
the load changes. The speed adjuster returns the slide valve to its 
initial position corresponding to the given speed. This type of 
governor is shown in Fig. 189. The speed adjuster is connected 
to point 4 of the lever, joining piston 3 to the feedback lever.

14. Timing Gear
The timing gear includes a camshaft with a transmission system 

from the crankshaft to the valves, cams, rods, etc.
Fig. 190 shows cams fitted onto a camshaft. The different types 

of transmissions are shown schematically in Fig. 191. A trans
mission comprising two pairs of 
gears and an intermediate shaft 
is depicted in Fig. 191a. A gear 
transmission is shown in Fig. 
1916 and c, and a chain trans
mission in Fig. 191d.

The cam contours ensure a pro
gressive acceleration when the 
valves open and deceleration 
when they close, thus making 
valve opening conform to the speed 
of the piston. This results in an 
almost constant velocity of gas 
suction and exhaust. Cams, espe
cially for low-speed engines, are 
designed with a big curvature 
on the transition from the concen
tric part of the cam to the cam 
nose, which reduces wear and the 
noise caused by impact of the 

roller when it runs on or off the cam. A drawback of such cams 
is the gradual opening and closing of the valves, resulting in 
longer initial and final periods of their operation.

The contour of a fuel cam is an exception, since it must ensure 
accurate and exact fuel injection, as well as the necessary pressure 
when the fuel is delivered into the nozzle. For this reason fuel

T.D.C.

Fig. 190. Cams
/ — shaft; 2 — cam controlling nozzle; 
3 — cam controlling starting valve; 4 and 
5 — cams controlling exhaust and Inlet 

valves
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cams are made with a steep lift and a gentle drop. A fuel cam 
should be accurately mounted to ensure the required advance and 
that is why its design permits turning of the cam to ensure fine 
adjustment of the injection moment. .

/ — crankshaft; 2 — gear; 5 — Intermediate shaft; 4 — gear of Intermediate shaft; J  — gear of cam
shaft; 6 — lever transmission to valves; 7 —Intermediate gears; 9 —chain transmission; 9 —guide

rollers

In high-speed engines due to the high speed of all the moving 
parts the impacts between rollers and cams are especially unde
sirable because they result in intense wear followed by distortion 
of the working process.

Cams are installed in such a manner that the opening and 
closing of the valves take place at moments corresponding to 
definite piston positions and, therefore, to definite positions of the 
shaft cranks.

Table 21

Type of engine

Inlet valve Exhaust valve

Opening 
before T. D. C., 

degrees

Closing after 
B. D. C., 
degrees

Opening 
before T. D. C.f 

degrees

Closing after 
B. D. C., 
degrees

Airless-injection engines 20-40 30-40 40-50 25-35
Oas en g in es................... 30-35 40-50 40-45 25-35
Petrol eng ines............... 9-20 50-68 50-70 13-20

23*
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Average opening and closing moments for valves of various 
four-stroke engines are given in Table 21.

The beginning of fuel injection and ignition as well as the ac
tual timing of the valves for each type of engine, should be taken 
from the manufacturer’s data.

15. Fuel System
In order to provide for the intake, storage and delivery of fuel 

to the engine a well-equipped fuel system must be installed.
Fig. 192 shows a very simple fuel-supply diagram of a station

ary installation. The fuel is poured into fuel tank 11 through

preliminary filter 10. Pump 9 delivers the fuel to feed tank 7, the 
level in which is controlled by means of glass 6. From the tank 
the fuel passes to filters 4 and then via fine-mesh filter 3 to fuel 
pump 2 of engine 1. Cocks 5 are provided for draining the sludge 
from filters 4.

Fig. 193 shows a fuel filter with a float. The fuel is delivered 
to the bottom part of the tank and is removed at a level somewhat 
higher than the filtering screens. The fuel is supplied through fuel 
pipe /, passes through valve 2 and filtering screens 5 and flows 
into discharge pipe 4. The fuel is kept at a constant level by 
float 3. To discharge sludge drain 6 is provided.

Fine-mesh filters are installed in airless-injection engines. 
Fig. 194 shows the design of such a filter. The fuel passes through 
felt filter plates 4, silk casing 2, metal screen 3 and flows to the



Fig. 194. Fine-mesh filter
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outlet. Sleeve 5 is closed on top with lid 1. Gland 6 supported by 
spring 7 is used to seal the filter at the bottom.

A diagram of the fuel system of a gas engine operating on 
natural gas is shown in Fig. 195. The gas passes through pressure 
governor /, which is simultaneously the gas supply governor.

Fig. 196. Fuel supply diagram of carburettor engine

receiver 2, cock 4, mixer 5 and then through gas pipe 6 to the en
gine cylinder. Pressure gauge 3 is installed to control the pres
sure.

The fuel supply system of a carburettor engine is shown sche
matically in Fig. 196. Petrol pump 4 delivers fuel from tank 6
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through a filter to carburettor 2, where it is atomized and mixed 
with air supplied through air filter 3. The preparation of the air- 
fuel mixture continues in inlet pipe 1, where the fuel is evaporated 
additionally and mixed with air. The exhaust gases are removed 
through pipe 5.

16. Lubrication

The presence of lubricating oil between mating parts prevents 
direct contact of their metal surfaces and substitutes liquid fric
tion between particles of oil for dry friction between the parts. 
The oil flowing between mating surfaces cools them and washes

Key o f  Symbols
—  Clean o il
—  D ir ty  o il
A -  Emergency o il dra inage

Cooling water
To regeneration device

Fig. 197. Diagram of engine lubricating system

away metal particles caused by wear and dirt (pitch compounds, 
carbon deposit, dust particles, etc.). All these particles which are 
harmful for normal engine operation are carried away by the oil 
to a filter where they are removed. After its settling, filtering and 
cooling the oil is again fed into the lubricating system, and so on.

The most widespread lubricating systems used in engines are 
the pressure and the splash systems.

Crankshaft bearings are frequently lubricated by means of 
rings revolving together with the shaft and freely fitted on the
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shaft journal. The lower part of these rings passes through the 
oil sump and carries oil out to the surface of the journal upon 
rotation of the shaft.

With splash lubrication oil is pumped from the engine crankcase 
and delivered through a screen filter to the main bearings. The 
connecting rods, having shanks protruding downwards, pick up 
the oil flowing from the bearings and also the oil from the crank
case and splash it. The oil mist settles down on the surfaces of 
the piston, cylinder and other parts and lubricates them.

With pressure lubrication oil is pumped from the crankcase into 
the system through a screen filter and oil pipes. The oil is fed to 
the crankpin and piston bearings through passages drilled in the 
crankshaft.

Fig. 197 shows the lubricating system of engine 1 with a branch 
for oil reconditioning (regeneration). Here pump 4 delivers oil 
from oil sump 5 to the engine through filters 3 and cooler 2. The 
contaminated oil is fed by pump 6 to the regeneration device. 
Auxiliary tank 7 is used for contaminated oil, tank 8 for clean 
-oil, tank 9 for regenerated oil and tank 10 for emergency draining.

Fig. 198 shows the oil circulating system of an engine. The oil 
is delivered by pump 11 from the crankcase through coarse-mesh 
filler 8 to cooler 12, where it is cooled to the required temperature. 
Both the temperature and the pressure of the oil can be measured 
on this section. From the cooler the oil flows into fine-mesh filter 4 
and thence to manifold 14, but the filter may be by-passed. Hand 
pump 5 permits to fill the oil pipe before the engine is started. 
■Coarse-mesh filters usually consist of screens containing filtering 
materials. In fine-mesh filters the oil is filtered by pumping it 
through narrow passages (0.04 to 0.07 mm) of a screen with 
a large surface, so that the oil is pumped through them at a 
relatively low speed. Twisted cotton fabric ensuring fine filtering 
is additionally used in the last section of the filter. 17

17. Cooling Systems
Cooling systems are designed to remove heat from parts that 

get heated mainly due to fuel combustion. For cooling compres
sors, coolers and purifying devices water is usually supplied 
through separate pipes.

The water is first delivered to the lower part of the block of 
cylinders, then to the internal spaces of the cylinder lid and on to 
the valves (if they are cooled) and finally to the exhaust pipe.

Cooling systems are designed in the form of flow-through, open 
or closed systems.

The flow-through system has the following main drawbacks:
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(1) a high and sharply variable difference between the inflowing 
and outflowing coolant temperatures that results in high local 
stresses irt the engine parts being cooled;

(2) a relatively low velocity and high consumption of the cir
culating water.

The most perfect cooling systems are circulation systems, in 
which the water is recooled for continuous use. These systems 
ensure cooling at sufficiently uniform temperatures of the coolant 
accompanied by increased velocities of circulation, which results 
in more reliable cooling.

The facilities for cooling the hot water leaving the engine may 
be of the following designs: closed-type cooling towers, open-type 
deck towers, open-type spray towers, pools, and natural ponds.

Closed-type cooling towers are provided with exhaust passages 
in the form of towers that ensure the necessary draft and the 
removal of water vapour to the atmosphere. In spray-type towers
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the water is sprayed through nozzles. The deck-type towers are 
equipped with several rows of grate decks. The hot water is deliv
ered to the central distributing duct and through nozzles is fed 
to distributors, whence in the form of droplets it is sprinkled down
wards. The heat is rejected from the droplets while they are drop
ping by heat exchange and partial self-evaporation of the water.

If the hardness of the water is high a closed cooling system 
similar to the one shown in Fig. 199 should be employed. The

cooling water is delivered. by 
pump 8 through oil cooler 6 to 
the engine. By-pass valve 7 per
mits to control the water temper
ature at the cooler by directing

Fig. 200. Open-type deck cooling Fig. 201. Spraying facilities of 
tower open-type cooling lower

7 — plpe tor discharge of water; 2 and 4 — pipes 
for delivering water In winter; 3 — ladder; 
5 —pipes for delivering water In summer; 
5 — distributing ducts; 7 —grate deck; 3 — dis

charge of sludge; 9 — pool; JO — filter

/  — pipe for delivering water; 2—distrib
uting ducts; 3—nozzles; 4 —central dis

tributing duct; 5 — distributors

part of it straight to the engine. Thermometers 3 and 5 are in
stalled for temperature control. The water is supplied from ex
haust manifold 2 to cooler 9. Air for cooling is delivered along 
duct 10 and discharged through duct 11 by means of a fan.

The temperature of the cooling water is controlled automatically 
with the aid of gates 12. The air supplied along duct 10 cools 
the secondary water sprayed by the nozzles, thus permitting to 
cool the primary water delivered for engine cooling. Tank 1 serves 
to fill the system with softened water. Instruments 4 indicating a 
too high increase of the cooling-water temperature are usually 
installed on the frame and lid of the engine.

Fig. 200 shows an open-type deck tower with the hot water de
livered to it - through pipe 4 in winter and pipe 5 in summer. 
Fig. 201 shows the spraying facilities of an open-type cooling 
tower.
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18. Electric Ignition
In petrol1, and gas engines the fuel-air mixture is ignited by an 

electric spark which is produced in the cylinder between the 
electrodes of a spark plug at the end of the compression stroke.

Power for ignition purposes is supplied either from a storage 
battery, or a magneto or a combination of the two.

For reliable ignition of the mixture a gap of from 0.45 to 
0.60 mm is maintained between the spark plug electrodes. At com
pression pressures from 7 to 8 atm gauge a tension from 13,000 
to 20,000 volts is required to puncture the air gap between the 
electrodes.

(a) (b)
Fig. 202. Schematic diagrams of magneto

Fig. 202a shows a schematic electrical diagram of a magneto 
with a rotating armature and a stationary magnet. The magneto 
consists of permanent horseshoe magnet 3 between the poles of 
which armature 5 with a primary and a secondary windings 
wound on it revolves.

Circuit breaker 2 is connected in the primary winding and is 
used to periodically open the electric circuit. To prevent burning 
of the contacts capacitor 1 is connected in the primary circuit 
parallel to the circuit breaker. One end of the secondary winding 
is connected to distributor 4 and the other end through the pri
mary circuit to body 6.

Fig. 2026 contains a schematic diagram of a magneto with 
rotating magnet 3 and stationary windings.

Since the primary winding consists of a small number of turns 
of wire with a large cross-section and the secondary winding of 
a large number of turns of thin wire, then opening of the primary 
circuit by the breaker will cause a high-tension current to be in
duced in the secondary circuit.

A battery ignition system consists of a source of power—a stor
age battery, an ignition coil—a circuit breaker, a distributor and 
spark plugs.
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The ignition coil is a transformer converting low-voltage cur
rent into high-voltage current.

Fig. 203. Schematic diagram of storage battery Ignition
1 — circuit breaker; 2 — Ignition coll; 3 — disconnector; 4 —distributor; 5 — spark plugs;

6 — storage battery

The storage battery, accumulating electric energy, supplies it 
to the ignition system and is simultaneously charged by a spe
cial d-c generator or a rectifier if alternat
ing current is used.

Fig. 203 shows a schematic diagram of 
a battery ignition system. The current flows 
to the primary winding of the ignition coil 
2 from the plus terminal and then through 
circuit breaker 1 and the body of the en
gine to the second minus pole of the storage 
battery. When the breaker opens the circuit, 
a high-voltage current is induced in Lhe 
secondary winding of the ignition coil and 
flows through the distributor to the spark 
plugs.

A spark plug (Fig. .204) consists of metal 
stem 1 inserted into porcelain core 3 secured 
in steel housing 5. The required gap is pro- p j g . 204.  S p a r k  p l u g  
vided between electrodes 6 and 7. Core 3 is 
secured to the housing with nut 4. The conductor is fastened to 
the stem by means of threaded nut 2.
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The advantage of battery systems over electromagnetic ones 
is that the intensity of the spark produced does not depend on 
the speed ofk the engine shaft. In electromagnetic ignition systems

the spark produced during starting does not have the required 
intensity. For this reason in modern engines the magnetos are 
provided with accelerators operating at low speeds and thus en
suring reliable starting.

A combined ignition system is mainly used to ensure a higher 
reliability of engine starting.
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19. Starting Devices
Stationary engines are usually started by means of compressed 

air supplied to the engine cylinders from an air tank in accord
ance with their firing sequence. The proper sequence of air deliv
ery to the separate cylinders is achieved by an air-starting valve. 
Fig. 205 shows one type of air-starting valves. Body 4 is connect
ed with support 6 of drive 8 and closed with lid 3. It contains

/  —  t a n k ;  2  — h e a d ;  3  — p i p e  f o r  s t a r t i n g  a i r ;  
4 —safety valve; 5 — main air valve; 6 — con

densate blowdown pipe

drum 5 with vertical holes in its upper face. Air is delivered to 
the starting valves through these holes, side passages 12 and air 
pipes 9. The number of holes in the drum corresponds to the num
ber of cylinders. Distributing valve 2 secured with a sliding key 
rotates on the face of drum 5. When the engine is being started, 
compressed air overcomes the tension of spring 1, presses valve 2 
against the upper face of drum 5 and through the passages in the 
valve and drum it flows to the starting valve. During engine op
eration the distributor valve is pressed upwards and stops the
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access of air from starting air pipe //. This valve is actuated by 
spindle 7 and a gear of drive 8 which is connected to the cam
shaft of th^ engine. The mating surfaces of the air-starting valve 
are lubricated through oil pipe 10.

The air delivered from this type of air-starting valve plays an 
auxiliary part, which is evident from the design and operating 
principles of the starting valve (Fig. 206). Valve 1 is located in 
housing 2 and pressed against its seat by spring 3. When the air- 
starting valve opens the passage for the compressed air the lat
ter enters space 5. For this reason besides the pressure of the 
main starting air transmitted through passage 6 additional pres
sure is applied, and the valve opens. The area of piston 4 is cal
culated to ensure the valve opening when the pressure in the 
cylinder is lower than the pressure of the starting air. Thus safe 
engine starting is provided since the combustion gases cannot 
break through from the cylinder to the air pipe. Fig. 207 shows 
a starting air tank.

20. Types of Engines
The principles of operation and design of modern stationary 

internal-combustion engines are mainly based on airless-injection 
types. Such engines are used for diesel locomotives, ships and cer
tain makes of automobiles, tractors and aircraft, but due to the 
limited space available for the engine in these instances a more 
compact design is used. Engine compactness is ensured both by 
increasing the engine speed and by widely employing supercharg
ing which greatly increases the mean indicated pressure. In au
tomobiles, airplanes, motorcycles, etc., low-compression petrol en
gines are mainly used.

In vehicle engines a complicated power transmission is used, 
since it is not expedient to directly connect the crankshaft to the 
driving wheels of the vehicle. Indeed, when the vehicle (diesel 
locomotive, tractor, etc.) is in motion both the speed and the 
tractive effort vary considerably. Internal-combustion engines are 
not adapted to such working conditions, since the engine power 
output sharply declines at low speeds. For this reason the engine 
speed and tractive effort are changed by means of a special trans
mission connecting the engine crankshaft to the axles of the ve
hicle.

Modern vehicle engines are manufactured with mechanical, 
hydraulic or electrical transmissions. The transmission permits to 
provide the required speed of the vehicle wheels at a constant 
crankshaft speed by changing the transmission ratio. Since the 
engine power output in this case remains constant its tractive
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effort will change. The power output of an engine can be ex
pressed through the tractive effort and the engine speed:

N»=  W  hp’ (5' 64)

where Ft =  tractive effort, kg;
V = speed, km/hr.

From expression (5-64) it can be seen that with a constant en
gine power the speed of a vehicle is inversely proportional to the 
tractive effort, which completely satisfies the conditions of motion 
since with a reduction in speed (with an increase in load) there 
is an inversely proportional increase of the tractive effort.

Fig. 208 shows a sectional view of a four-stroke airless-injec
tion high-compression engine of type ^-42.5/60 with a power rat
ing of 100 hp per cylinder. Crankshaft 1 by means of connecting 
rod 2 is joined to piston 9 which moves within cylinder liner 10 
cast separately from cylinder block 11. Such a design permits to 
replace worn cylinder liners and allows their elongation down
wards when they get heated during operation. The engine is 
supplied with glands 13 that ensure the required tightness and 
prevent the leakage of water from cooling spaces 12. The cylin
ders are closed on top with lids 7.

Camshaft 3 actuates the piston of fuel pump 4 that delivers 
fuel to nozzle 6. To start the engine an automatic air-starting 
valve 5 is installed. The block of cylinders is installed on frame 14. 
The exhaust gases are discharged through pipe 8.

Fig. 209 contains a cross-sectional view and Fig. 210 a longi
tudinal section of a type M-20 four-cylinder carburettor automo
bile engine which develops 50 hp at 3,600 rpm. The engine cylin
ders are cast in one block with the upper part of the crankcase. 
The cylinder liners are cast separately of wear-resisting iron. The 
crankshaft has four supports and is designed with counterweights 
that relieve the bearings of the action of unbalanced forces of 
inertia. A flywheel is fitted on one end of the shaft and a driving 
gear engaged with the driven gear of the camshaft on the other.

A combined type of lubrication is used in this engine. The bear
ings of the crankshaft and camshaft are lubricated under pres
sure, the gears are lubricated by a pulsating spray from the cam
shaft bearing and the cams and cylinder walls by splash lubri
cation.

The engine is made with a detachable head common for all the 
cylinders and made of a heat-conductive aluminium alloy. The en
gine cooling system is of the closed type with forced circulation 
provided by a centrifugal water pump.

24-814
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Fig. 209. Type M-20 carburettor engine (cross-section)
/  — cylinder and crankcase block; 2 — bolts for tightening lids of main bearings; 3  —lid of b i g  
end of connecting rod; 4 —connecting rod bolts; 5 — big end of connecting rod; 6' —connect
ing rod; 7 —cylinder bead; 8 — pins for fastening cylinder head to cylinder block; 0 — small end 

of connecting rod; 10 — cylinder liner

24*
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Fig. 211 gives an example of how a stationary engine is in
stalled on ij:s foundation. It is a type 4M 29/41.5 engine with a 
power rating of 240 hp at 375 rpm directly connected to a type 
CH-156-16 a-c generator 7 with a power rating of 210 kva 
(158 kv) for a voltage of 400 and 3,150 v. Engine 1 is installed on 
foundation 6 which rests on antivibration lining 8 and rubble-stone 
cushion 9. The engine is started with compressed air under a 
pressure of from 10 to 30 atm from tank 2. The engine is equipped 
with a two-stage compressor driven by the camshaft. The engine 
is supplied with fuel from tank 3. The exhaust gases are dis
charged through pipe 5 to muffler. 4.

The main- overall dimensions are: height to crane hook 3.5 m, 
width of foundation 3.8 m, length of foundation with engine and 
electric generator 6 m.

21. Further Development of Internal-combustion Engines
The main problem to be solved for the further development of 

internal-combustion engines is the creation of a compact engine 
that is reliable and economical in operation, efficient, has a suffi
ciently high specific power and is designed with a minimum use 
of metal. These aims are achieved mainly by employing super
charging and introducing high-speed engine duties.

In the U.S.A. and England a considerable part of automobile 
engines are manufactured with supercharging. This type of en
gines is characterized by a speed of up to 2,200 rpm, a mean 
effective pressure without supercharging of 6.6 kg/cm2, with su
percharging—8.6 kg/cm2 and a unit weight of 8 kg/hp.

From an analysis of these parameters it can be seen that com
pression-ignition engines fall far behind petrol engines. Thus, for 
example, new petrol engines designed and produced in the U.S.S.R. 
have speeds of up to 4,000 rpm and higher, a mean effective 
pressure of 8.6 kg/cm2, a unit weight of up to 3.1 kg/hp.

Such a lagging behind of compression-ignition engines is not 
normal, since the transition to high-speed diesel engines is quite 
possible at the present level of knowledge of the thermal processes 
going on in these engines.

The modern type XIB-43 and .AB-64 engines are characterized 
by higher ratings, namely, a speed from 3,000 to 3,500 rpm, a 
mean effective pressure of 10 kg/cm2 and higher, a minimum fuel 
consumption of up to 172 g/hp-hr.

The development of internal-combustion engines is character
ized both by new trends, in which the accumulation and gradual 
■change in the quantitative relations result in qualitatively new 
types of engines, and by modernization of the existing types.
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The modern trends are as follows: 5
(1) the development of short-stroke engines with from 0.8 

to 1.0;
(2) the use of high compression ratios.
(3) a compact layout of parts and units, in particular, a vee- 

type arrangement of cylinders, etc.
The principal advantage of a short stroke is that in engines 

with a high speed the average piston speed is moderate, which

800
_____________ iJML_____________

F ig . 212. C om p arative  o v era ll d im en sion s o f a v e e - ty p e  and  a s in g le -r o w  e ig h t  
cy lin d er  a u to m o b ile  e n g in e s

can be seen from the relation cm =  ^  . The mean piston speed cm
will be lower in engines with a shorter stroke 5, provided the 
speed is the same.

By reducing the mean piston speed the mechanical efficiency 
and the service life of the cylinder-piston group are increased and 
the bearings of the crankshaft are relieved of considerable inertia 
loads.

A very satisfactory result is obtained from the combination of 
a short stroke with a vee-type arrangement of the engine cylin
ders. Such a design with the simultaneous introduction of high- 
quality bearing materials makes it possible to reduce the length 
of the crankshaft to a minimum and to avoid the use of complicat
ed fork-like or attachable connecting rods, and to install two con
necting rods side by side on one crank journal. Fig. 212 shows 
the comparative overall dimensions of a . vee-type and a single
row eight-cylinder engines for a high-class automobile (3HJ1-110).
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T U R B I N E S

C h a p t e r  I 
STEAM TURBINES

1. General Information
Steam-turbine building started to develop very rapidly in the 

Soviet Union after the Great October Socialist Revolution. Before 
the revolution steam turbines were manufactured only by the Pe- 
tersbourg Metal Works; from 1907 to 1917 a total of 26 turbines 
were constructed, the maximum rating of a turbine not exceeding 
1,250 kw.

At present the large turbine works of the U.S.S.R. (Leningrad 
.Machine-building Works, Kharkov Turbo-generator Works, etc.) 
are producing turbines only for high parameters of steam, namely, 
for pressures ranging from 90 to 240 atm and for temperatures 
from 500 to 580 deg C.

Condensing steam turbines with a rating of 100, 150 and 200 
thousand kw for 130 atm, 565 deg C and 3,000 rpm and with 
a rating from 300 to 600 thousand kw for 240 atm and 580 deg C 
are being produced by Soviet turbine works.

The concentration of large capacities in single units and the 
use of supercritical parameters of steam ensure a marked increase 
in the performance of heat power stations. Impulse turbines with 
a low fraction of reaction are the main type being produced in 
the U.S.S.R.

In steam turbines the heat energy of the steam is converted 
into the mechanical work of rotary motion, this process going on 
in two stages. First the steam expands in nozzles and its heat 
energy is converted to a certain degree into kinetic energy. The 
.steam jet flows through the passages between the curved blades



STEAM TURBINES 377

of the turbine ‘disk at a high velocity. As a result, each side of 
a blade is subjected to different forces. Much greater forces act 
on the concave part of the blade and therefore the blades secured 
to the turbine disk rotate in the direction in which the greater 
forces - act.

Classification of Turbines. Steam turbines are classified into im
pulse and reaction turbines. In impulse turbines the steam expands 
only in the nozzles, which are stationary and secured either in

/  — c o n d e n s a t e  p u m p ;  2 — s t e a m  p ip e  from b o i le r  room ; 3 — e je c to r  for a ir  r e m o v a l  from c o n d e n s e r ;  4 — s to p  v a lv e ;  5 — s t e a m  tu r b in e ;  6— e le c t r i c  g e n e r a t o r ;  7 — co o l in g  w a t e r  o u t l e t  from c o n d en s e r ;  8— d e l iv e r y  o f  c o o l in g  w a te r ;  9—c o n d e n s e r ;  / 0  — liot w e l l

a diaphragm or directly in the turbine casing. In the passages be
tween the blades the pressure remains constant.

In reaction turbines the steam expands partly in the nozzles 
and then in the blade passages.

The conversion of heat energy into mechanical work, as is 
known from thermodynamics, may be represented as follows:

£ =  -j- (*i — *2) kg-m/kg,

where /, and i2 =  enthalpies of steam before and after each tur
bine stage or the entire turbine, kcal/kg;

A  =  -^ -  =  thermal equivalent of work, kcal/kg-m.
A general view of a medium-capacity steam turbine plant is 

shown in Fig. 213.
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Depending on the final exhaust pressure of the steam after the 
turbines the latter are classified into condensing turbines (steam 
exhaust pressure about 0.04 ata) and back-pressure turbines (ex
haust pressure over 1 ata).

If a turbine is provided with controlled steam extraction after 
intermediate stages it is usually called an extraction or pass-out 
turbine.

According to the direction followed by the steam driving the 
turbines the latter are classified into axial-flow and radicd-flow 
turbines.

Turbines usually follow a multistage design, although in some 
cases low-power turbines are single-stage machines. If a turbine 
has one disk with two or three rows of moving blades on its rim 
it is known as a velocity-compounded turbine (with two or three 
rows of blades).

The design, rating and designation of Soviet steam turbines 
are usually indicated by the following symbols:

A denotes turbines using steam at 29 to 35 ata and 400 to 
450 deg C;

B indicates turbines employing steam at 90 to 135 ata and 
480 to 565 deg C;

CB denotes turbines using steam at 150 ata and above and at 
550 deg C and over (supercritical parameters).

The letters following those indicated above stand for:
K—condensing turbine;
T—extraction turbine with controlled extraction for heating 

purposes;
n —extraction turbine with steam extracted for industrial pro

cessing purposes;
P—back-pressure turbines.
Next a number showing the turbine rating and model follows.
For example, CBK-150-2 indicates that the turbine under consid

eration has been designed for supercritical steam parameters, is 
of a condensing type, its rating is 150,000 kw and it is the second 
model.

2. Processes in Turbine Nozzles and Moving Blades
The nozzles of steam turbines are designed as curved passages 

formed by specially shaped blades secured in diaphragms. The lat
ter usually consist of two halves and when assembled are rigidly 
fixed in special grooves provided for this purpose in the turbine 
casing. Sometimes several diaphragms are first fastened together 
with the aid of a sleeve which is then inserted into the turbine 
casing.
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The nozzle blades are either stamped and welded to the shroud 
ring of the diaphragm or are milled and secured in the diaphragm 
by means of seating roots.

Nozzles are of a convergent and a convergent-divergent designs. 
In convergent nozzles the steam can expand only to the critical 
pressure corresponding to a velocity at the nozzle exit equal to 
that of sound in the given steam medium. In convergent-divergent 
nozzles (or De Laval nozzles, as they are called after their in
ventor) a conical section diverging at an angle varying from’ 
about 6 to 12 degrees is added to the usual convergent nozzle. In 
convergent-divergent nozzles the steam can expand to any low- 
pressure. At the exit of such a nozzle the steam may have a su
personic velocity.

If the ratio of the steam exit pressure to the admission pressure 
does not exceed the critical velocity,

where
(6-l>

then a simple convergent nozzle should be used. For superheated 
steam vrr = 0.546, for dry saturated steam vcr = 0.577.

The exit area of any nozzle is determined from the continuity 
equation

Gv =  Fc, (6-2)

where G =  rate of steam flow, kg/sec;
v =  specific volume of steam at the nozzle exit, m3/kg;
F =  exit area of nozzle, sq m; 
c =  exit velocity, m/sec.

The steam exit velocity is determined from the heat drop or 
difference between the admission and exit enthalpies of the steam:

* „ = / f ( ‘o - g + ^ 9i ' 5 1 (6"3)

This equation is derived from the expression of energy conser
vation for processes going on in nozzles. If the initial velocity c0 
at the nozzle entrance is neglected, then equation (6-3) will be
come

Cjj =  91.5Y (<0 — f1/) =  91.5 Y H t . (6-4)
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The heat drop t0 — iu is determined from the adiabatic curve of 
expansion with the aid of an i-s diagram. Fig. 214 shows a 
steam expansion process in impulse and reaction turbine stages.

Theoretically (in an ideal process) steam with an initial pres
sure Pi and an enthalpy i0 expands in a nozzle adiabatically to 
a pressure p2 and an enthalpy ilt.

F ig . 14. T herm al p ro cesses
a  — In an  Im pulse  s ta g e ;  b — In a r e a c t io n  s tag e

Under actual conditions this process is accompanied by losses 
due to friction of the steam against the nozzle walls and churn
ing.

The heat losses in nozzles are determined from the expression:

c 2u
-  £?1 \ A C“2 g 2 g )1 ~  A  \  2 g 2 g }1 — A  2  g

where hn =  heat losses in nozzles, kcal/kg; 
Ci =  actual velocity of steam, m/sec; 
<p„ =  velocity-loss factor;

=  energy-loss factor.

<P2n) =  ̂
(0-5)
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If the losses in nozzles are plotted upwards along an adiabatic 
curve in the i-s diagram and projected onto the constant-pressure 
line of the final pressure p2, and the point obtained in this way is 
connected by a curve with the initial point of the process, then 
a polytropic curve characterizing the actual expansion of steam 
in the nozzles will be. obtained.

The actual velocity of steam outflow expressed through the theo
retical value will be

At the final point of the polytropic expansion line the specific 
volume of the steam is determined. This makes it possible to find 
the actual exit area of the nozzle:

The exit area thus found is divided for purposes of design into 
several nozzles, rectangular in cross-section and located along 
the arc of a circumference along the rim of the diaphragm. If the 
nozzles are located along an arc less than the full length of the 
circumference such stages are known as partial-admission ones. 
The ratio between the length of the arc occupied by the nozzles 
and the total length of the circumference is called the degree of 
partial admission. In reaction stages the steam is always admit
ted along the total circumference, i.e., full steam admission is 
employed.

The velocity-loss factor cp„ can be found from graphs obtained 
experimentally. On the average this coefficient varies from 0.95 
to 0.98. Higher losses are encountered in milled nozzles.

In convergent-divergent nozzles it is necessary to know the 
areas of two cross-sections, namely, the exit area and the area 
of the narrowest section called the throat, where the critical pres
sure and the critical velocity appear.

The minimum areas are: 
for dry saturated steam

Cl = <?nc u -

(6- 6)

F1 min
a (6-7)

199

and for superheated steam

(6 -8)
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The length of the diverging part of the nozzle along its centre 
line is determined from the value of the angle of divergence

/ . £ l — Jila., (6-9)
2,an ~2

where a, and amjn =  nozzle diameter or passage width (at the 
same height) at the exit and at the throat; 

7 =  angle of divergence, selected from 6 to 
12 deg.

A convergent and a convergent-divergent nozzles are shown 
in Fig. 215, while a diaphragm with its nozzles is depicted in 
Fig. 216.

F ig .  2 1 5 . N o z z le s  

a — convergent; b — convergent-divergent

In reaction turbines the nozzle blades (due to the drum design 
of the rotor) are secured directly in the turbine casing in grooves 
provided for this purpose.

Since nozzles are designed not only for the expansion of steam 
and the conversion of heat energy into kinetic energy, but also 
to direct the steam as required against the moving blades, the 
exit part of nozzles is made oblique.

In simple nozzles steam may be expanded to values higher than 
the critical one by using the oblique exit part of the nozzle. In 
this instance the supersonic velocity will be directed at the nozzle 
exit with a deviation from the geometrical axis of the nozzle. If 
the height of the nozzle is constant, then denoting the width of 
the steam flow at the throat by a and at the exit a\, the velocity 
correspondingly Ci and c \ and the volume and v\, we obtain 
(on the basis of the continuity equation):

/
a C j  f l jC j

(6- 10)
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where

hence
a — b sin and a, =  6 sin a',

sin aj sin a,.

( 6 - 11)

( 6- 12)

i.e., upon additional expansion of the steam flow in the oblique 
exit part the angle of its deflection will be ai — ô .

The value of s l - a i  may range from 2 to 4 deg. If this angle 
is greater considerable losses occur in the steam flow, so for this 
reason it is better to select con
vergent-divergent nozzles in such 
instances.

When calculating nozzles the 
height of the nozzle blades must 
usually be determined. For this 
purpose the following equation 
can be employed:

/„ = anv{k
etc dc i s in  a, (6-13)

F ig .  2 1 6 . D ia p h r a g m  w i th  n o z z le s

where e =  degree of partial ad
mission; 

k =  blockage factor of the 
nozzles (accounting for 
space occupied by the 
nozzle walls) selected 
from 1.25 to 1.1 (the 
smaller values of k are 
taken for the last tur
bine stages).

From the nozzles the steam enters the moving blades of the tur
bine at a high velocity where the kinetic energy of the steam is 
transformed into mechanical work. In impulse stages the pressure 
of the steam passing through the blade passages remains constant, 
whereas in reaction stages the pressure drops.

The fraction of reaction of a turbine stage is determined by the 
following equation:

<6- 14)

where h0l =  heat drop utilized in the nozzles;
A02= h e a t drop upon expansion of the steam through the 

moving blade passages.
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The fraction of reaction is usually taken equal to 0.5. Some
times, when a smooth profile of the steam passages is required 
in impuls^ stages a small fraction of reaction is permitted (from 
0.05 to 0.15).

The moving blades of an impulse and a reaction turbines are 
shown in Fig. 217.

In the moving blade passages part of the kinetic energy is lost 
in the boundary layer when the steam flows around the blades.

F ig .  2 1 7 . M o v in g  b l a d e s

a — of Impulse turbine; b — of reaction turbine

Besides, due to turning of the steam flow caused by passage cur
vature additional churning losses take place, especially at the root 
and top of the moving blades.

Since the moving blades, as their name implies, revolve togeth
er with the disks and the turbine shaft the relative velocities of 
the steam at the blade entrance and the blade exit must be deter
mined. For this purpose velocity diagrams are plotted for the 
steam entering and leaving the blade passages of the impulse 
(Fig. 218) and reaction (Fig. 219) stages. First steam velocity 
vector Ci is drawn to the scale being used at the angle ai (the 
angle at which the steam enters the moving blades) called the 
nozzle angle. Next the vector of the tangential velocity u is drawn 
from the end of vector cu and then the velocity triangle is closed 
by drawing a third vector, which will be equal to the relative 
velocity Wi of the steam entering the moving blades. For ideal im
pulse stages the relative velocity w2 of the steam leaving the 
blades will be equal to the relative velocity W \  of the steam enter
ing the blades. The vector of the absolute velocity c2 of the steam
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at the blade exit is obtained by closing the triangle formed by 
geometrically adding the vector of tangential velocity u to that of 
the relative exit velocity w2 following the angle of the blade exit 
edge.

Fig. 218. Velocity diagrams of Impulse stage
a —plotted at entrance and exit of moving blades; b and c — plotted from one point

In this way all the velocity diagrams are drawn for the blade 
entrance and exit. These diagrams permit to determine the angle

Fig. 219. Velocity diagrams of reaction stage
a — plotted at entrance and exit of moving blades; b and c — plotted from one point

Pi at which the relative velocity of the entering steam is directed, 
the angle P2 at which the relative velocity of the steam at the 
exit is directed and the angle a2 showing the direction of the ab
solute velocity of the steam after the blade exit. In multistage

2 5 - 8 1 4
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turbines the angle ct2 will also be the nozzle angle for the next 
stage. ■ r

In actuaf impulse stages due to the above-mentioned losses the 
relative velocity w2 of the steam at the blade exit will be lower 
than that at the blade entrance (wi):

w2 =  fw v (6-15)

where ip =  velocity-loss coefficient of the blade, showing the ve
locity losses in the blade passages.

This coefficient is determined experimentally. It can be deter
mined, for example, from the diagram contained in Fig. 220 for

Fig. 220. Diagram of blade velocity coefficient

a velocity of 500 m/sec. For higher or lower velocities a correction 
factor k should be introduced. The lower curve serves to select 
the velocity-loss coefficient for impulse turbines with a small num
ber of stages, the middle one is for multistage impulse turbines 
and the upper one is for reaction turbines.

The losses in the moving blades in heat units are determined 
from the following formula:

h„ =  A \
2g )

w? „ wi

(6-16)

where g& =  energy-loss factor for moving blades.
In reaction stages the velocity w2 will be greater than wi due 

to the additional expansion of the steam in the moving blades.
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The theoretical relative velocity of the steam at the blade exit 
w2th is determined as follows:

The actual relative velocity of the steam at the blade exit is

From the momentum equation for the steam flow the force exert
ed on the moving blades in the tangential direction is

Correspondingly the work in kilogram-metres done on the mov
ing blades will be

The power of a stage can be determined taking into account 
that 1 kw corresponds to 102 kg-m/sec:

If Cicos ai and c2cos a 2 are determined from the velocity trian
gles, then after slight transformations we get

The curved profiles of the moving blades are determined by 
the angles Pi and f}2, the curvature of the internal wall and by 
the blade thickness selected with a view to mechanical strength 
requirements.

The width of a moving blade depends on its height and is 
selected within one tenth of the latter, but not less than 20 mm. 
The radius of the internal curvature of the blade profile is about

w ,lh =  9l.5 i / k +*4 =  91.

w2 =  tyw2th.
The losses in the moving blades of a reaction stage are

(6-18)

(6-19)

where ^  =  (-̂ 2 — lj =  energy-loss factor for moving blades.

(6- 21)

(6- 22)

(6-23)

25*
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0.6 of the profile width. The moving blades are secured to the 
shroud ring of the rotor disks, their spacing or pitch being deter
mined approximately as follows:

(6-24)

where tb =  blade spacing, i.e., distance between the front edges 
of the blades; 

r — radius of the concave blade wall;
P) =  entry angle of the blade profile.

The entrance height of a moving blade

and the exit height

Gvtk 
etc  dci sin Hi (6-25)

Gv2k 
eh dc2 sin a2 (6-26)

From these formulas it can be seen that the exit height is 
greater than the entrance one. Sometimes to simplify the manu
facture of moving blades the entrance height is taken equal to the 
exit height. The losses in the blades in this instance will increase 
somewhat.

The steam passing through the blades causes not only a tan
gential force but also an additional axial force. To determine 
the axial force it is necessary to draw up an equation for the 
increment of the steam flow momentum perpendicular to the tan
gential velocity:

Pa =  y  (ci sin a, — c2 sin a2) +  F„ {p' — p") =

=  y  (®i sin Pi — sin P2) +  Fb (/>' —  p") kg, (6 -27)

where Fb =  area of the blade passages;
p' =  steam pressure at the moving blade entrance; 
p" =  steam pressure at the moving blade exit.

The axial forces have a considerable value in reaction turbines. 
To protect the rotor against axial displacement special devices are 
used comprising a thrust bearing and a dummy piston secured on 
the turbine shaft. 3

3. Heat Losses and Stage Efficiency
When steam is delivered to a turbine the pressure before the 

nozzles is somewhat lower than that immediately after the boiler 
due to hydraulic losses in the pipes and valves.
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The losses in the nozzles and moving blades were determined 
above. If these losses are plotted along the adiabatic line from 
point Ai, then correspondingly on the final constant-pressure line p2 
of the process in the i s  diagram (Fig. 221) point Bi is obtained 
that characterizes the state of the 
steam at the moving blade exit.

In a single-stage turbine the 
discharge velocity of the steam is 
not used any more and is therefore 
also a loss equal to

A  -^kcal/kg . (6-28)

Upon plotting the discharge steam 
losses in the i s  diagram in addition 
t o  t h e  losses in t h e  nozzles and in
the moving blades point C is obtained 
and correspondingly on the constant- 
pressure line of the final pressure 
point Ci is found.

In impulse turbines it is also 
necessary to take into account the 
friction losses of steam in the turbine 
disks and windage losses in the pas
sages between the blades when par
tial steam admission is used. The 
friction and windage losses can be determined by A. Stodola’s 
formula:

Nfr.w =  X[\.07d2 — 0.6U(1 _ e)flr/i-5]_tL_Tkw, (6-29)

where X =  coefficient ranging from 1.5 to 1.3 for saturated steam 
and from 1.2 to 1.0 for superheated steam; 

d =  disk diameter up to the middle of the blade height, m; 
z — number of velocity stages on the disk shroud ring;
I =  height of blades, cm; 
w =  tangential velocity, m/sec;
7 =  specific weight of steam in which the disk revolves, 

kg/cm3.
In reaction turbines, always designed for full steam admission, 

these losses are negligible..
The friction and windage losses in thermal units are

\02Nfr
h / r . w —  4 2 7 0  kcal/kg. (6-30)
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When the process is plotted in the i s  diagram these losses are 
also plottedi upwards to point D, the corresponding point on the 
constant-pressure line being Dt.

In reaction stages there are losses caused by the leakage of 
steam through the radial clearances between the guide vanes and 
the rotor, as well as between the moving blades and the turbine 
casing.

It is recommended to determine the losses due to the leakage 
of steam from Anderhub’s formula

hieab =  1-72——A0 kcal/kg, (6-31>

where 8r =  size of radial clearances, mm;
I =  height of blades, mm;

A0 =  heat drop in a stage, kcal/kg.
These losses are plotted in the i s  diagram when a reaction 

stage is being designed.
In more precise calculations account should be taken of the 

losses due to the leakage of steam through the labyrinth packings 
of the turbine, the losses at the exit from the turbine exhaust pipe, 
the heat radiation losses through the turbine casing and the losses 
in the last stages due to wetness of the steam.

Finally it is necessary to take into consideration the mechanical 
losses in turbines, including the losses due to friction of the shaft 
in its bearings, the losses incurred in driving all the auxiliary 
pumps (oil, condensate and circulation pumps) and the controls. 
If the mechanical losses are expressed in the form of power Nm, 
then these losses in thermal units are

u 102 N m
"m 427 G '

The mechanical losses are external losses and they do not there- 
fore*influence the plotting of the process in the i s  diagram.

The efficiency of different turbines can be compared with account 
taken of all the losses considered above.

In the ideal case, i.e., when there are no losses, the thermal 
efficiency of a turbine is determined from the ratio of the available 
adiabatic heat drop to the amount of heat received by the steam 
in the boiler:

*0 — h t  
0̂ Q f w

(6-32)

and is known as the absolute thermal efficiency.
If only the losses in the nozzles, moving blades and the dis

charge velocity losses are considered, and if they are subtracted
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from the available heat drop and the result divided by this drop, 
then the relative blade efficiency or the efficiency at the rim of the 
disk will be determined

Ht — hn — hb — hd 
—  H,

From the i-s diagram (Fig. 221)
AC  

A A U ■

(6-33)

(6-34)

If account is also taken of the friction and windage losses 
H,  —  h —  h. —  h.  —  h , r „„

\ . ,  =  --------5-----77---- ------— . (6-35)

then the relative internal efficiency is determined. From the dia
gram in Fig. 221 this efficiency will also be

AD
'r.l —  A A U (6-36)

If this efficiency is known it is possible to determine the internal 
power of a stage on the basis of the heat drop and the rate of 
steam flow:

N  4 2 7 G / / / 1  r.t
'  102 kw. (6-37)

The useful, or effective, power of a turbine will be equal to the 
internal power less the power spent on mechanical losses:

The ratio
N t / /  =  N i -  N m.

Neff
N t

(6-38)

(6-39)

is known as the mechanical efficiency. Its value ranges from 0.96 
to 0.995, the greater values relating to turbines with a higher 
capacity. w

If all the internal and external mechanical losses are taken into 
account the relative effective efficiency is determined:

Hf hn hb hd ■ h}rw  h,n
==-----------------h T --------------- (6-40)

Upon relating the usefully utilized heat drop in a turbine to the 
full heat content of the steam minus the heat of the feedwater 
supplied to the boiler, the absolute effective efficiency is obtained:

Ht - hn - ht - hd - h/ r . w - hm
"off — 1 •'o 9fw

(6-41)
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From a comparison of the efficiencies we obtain 

: \ / /  =  \ . i yh =  \ . b W r (6-42)

The ratio between the power of the generator driven by a turbine 
to the effective power of the turbine is known as the generator 
efficiency:

]g~  Nef, (6-43)

The absolute electric efficiency of a turbo-generator will be
T'ei =  rl e f f rlg =  \ . i rlm \ \ -  (6-44)

From the equation of the turbo-generator power output

Ng
427GhrH t

3,600 X  102 ^ r . e \ kw (6-45)

the steam consumed per hour by the turbo-generator can be de
termined:

860jV „

G:»r =  7/ - „ kg^hr- (6'46)n n r . e \

For calculating the turbine passages it is necessary to determine 
the steam consumption per second:

860jV „

G sec =  3,600Hg[r.e\  kS/sec. (6-46a)

The specific steam consumption per kilowatt-hour is

^  =  ^ = ^ 7 kg/kw' hr (6' 47)
or the specific heat consumption per kilowatt-hour will be

<lhr =  d hr ( /„  — ic) =  kcal/kw-hr, (6-48)

where /c =  heat content of the steam entering the condenser (or 
leaving the turbine).

The specific heat consumption of modern high-power turbines 
operating at a pressure of 140 to 170 atm and a temperature of 
565 deg C is about 2,000 kcal/kw-hr.

4. Turbine Heat Calculations
Single-stage Impulse Turbine. For calculating a steam turbine 

its power output, the pressure and temperature of the steam before 
and the pressure after the turbine, the speed, the number and the
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parameters of the intermediate (between the stages) steam tapping 
must be known. These data are used to determine the dimensions 
of the passages, the height of the guide vanes and moving blades, 
the rate of steam flow and the efficiency of the turbine.

The calculations are carried out using an i s  diagram (Fig. 221) 
in which the initial point of the process is found at the point of 
intersection of the constant-pressure line pi and the isothermal 
line ti. Then an adiabatic line is drawn until it intersects the con
stant-pressure line for the final pressure p2. If a single-stage im
pulse turbine is being calculated then the heat drop AAU =  HL 
found will be converted into kinetic energy in one row of nozzles. 
Next the heat losses in the nozzles are determined by the method 
considered above and are plotted upward along the adiabatic line. 
The line AA, is a polytropic curve corresponding to the expansion 
of steam in the nozzles. After this the losses in the moving blades 
are determined as shown in Fig. 221 and are plotted upward along 
the adiabatic line. The resulting point Bt characterizes the state of 
the steam at the exit of the moving blades.

The velocity c, at the exit of the nozzles can be determined fFom 
the heat drop. Next velocity diagrams should be plotted for the 
entrance to and exit from the moving blade passages. With the 
aid of the velocity diagrams the previously determined values of 
the relative blade efficiency can be expressed in a more convenient 
form as follows:

This equation shows that the efficiency depends to a considerable 
extent on the ratio between the tangential velocity u of the blades 
and the steam velocity c. The optimum value of this ratio can be 
found by determining the first derivative of the expression and 
assuming that it equals zero, whence

<6 - 5 0 >

Fig. 222 contains a blade efficiency curve plotted against — .
To determine the relative internal efficiency account must also 

be taken of the frictional and windage losses. The energy-loss 
factor accounting for friction and windage losses is obtained from 
the formula

(6-49)

(6-51)

whence
^r.l Ar.b Ĵr.w‘ (6-52)
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A relative internal efficiency curve plotted against the ratio —ci
is contained in Fig. 222, the optimum ratio — being found as
corresponding to the maximum value of the relative internal 
efficiency rp. (. This makes it possible to determine the tangential 
velocity u required for plotting the velocity diagrams of the moving 
blades.

F i g .  222 .  R e l a t i v e  i n t e r n a l  a n d  r e l a t i v e  b l a d e  e f f i c i e n c y  c u r v e s  o f  i m p u l s e
t u r b i n e  s t a g e

The velocity diagrams make it possible to determine the relative 
entrance and exit velocities of the steam, the absolute exit velocity 
and the angles determining the direction of the velocities.

The rate of steam flow will be
860Neff

G ~  3,600////),ks /sec- (6-53)

The relative effective efficiency for single-stage turbines may be
selected from 0.4 to 0.5. The heights of the nozzle and moving 
blades are determined from formulas set forth above.

The diameter of the stage will be
, 60“ /n c , \d =  —  m, (6-54)

where u =- tangential velocity, m/sec; 
n =  speed, i pm.
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After this the discharge steam velocity losses and the friction 
and windage losses are determined and their values plotted in 
the i-s diagram. The final point Dx in Fig. 221 specifies the state

of the steam at the turbine exit. If point is projected onto the 
adiabatic line at point D, then the ratio

<6' 55)
will be the relative internal efficiency of the stage being designed. 
This value of t|,.. * should be used to determine more precisely the 
rate of steam flow and, if necessary, to recalculate the height of 
the nozzles and the moving blades. The dimensions of the steam
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discharge pipe at the turbine exit will be

— sqm,  (6-56)

where v3 =  specific volume of steam at point Dt in the i-s dia
gram;

c3 =  discharge velocity, which for low-power turbines is 
selected up to 100 m/sec.

Turbines with Velocity Compounding. In single-stage impulse 
turbines the losses with the discharge velocity after the moving

blades are usually very high. To 
reduce the discharge velocity a 
turbine stage with two rows of 
moving blades should be used, 
i.e., a turbine with two (more 
seldom three) velocity stages.

Fig. 223 shows a low-power 
impulse turbine with two velocity 
stages. In this turbine, as in an 
ordinary single-stage one, the 
steam expands through a row of 
nozzle blades, then enters the 
first row of moving blades, where 
its velocity drops from C\ to c2, 
creating a certain tangential force. 
After the first row of moving 
blades the steam passes through 
stationary blades, where it changes 
its direction and enters a second 
row of moving blades with the 

velocity ct, creating an additional tangential force. The steam 
leaves the passages of the second row of moving blades with 
a velocity c'2.

Fig. 224 contains an i-s diagram for a turbine with two velocity 
stages, while a diagrammatic view of these stages and velocity 
diagrams for both of them are shown in Fig. 225. The velocity 
after the intermediate stationary blades will be

c 'i =  h . t c r  (6‘57)

The velocity coefficient can be taken close to the coefficient tpn.
The work of 1 kilogram of steam done on the first row of mov

ing blades is determined from the formula

L\ =  — (c, cos otj  +  c2 cos <x2)

F i g .  224.  W o r k i n g  p r o c e s s  o f  i m 
p u l s e  t u r b i n e  w i t h  t w o  v e l o c i t y  

s t a g e s  in  i-s  d i a g r a m

(6-58)
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and the work done on the second row:

L 2 (? \ COS a[ +  C j cos a'). (6-59)

If we assume that the angles of the velocity triangles p2 =  Pi, 
a' —a2 and and also that there are no losses in the

Fig. 225. Diagrammatic view and velocity diagrams of steam turbine with
two velocity stages

stationary and the moving blades, then the relative blade efficiency 
of such a turbine will be:

\ . b =  4<P« (2 cos — 4 77) 7 ^ * (6-60)

From this formula the optimal velocity ratio is determined:

(«-«)
where z =  number of velocity stages.
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Thus, in turbines with velocity compounding the optimum ratio
— is considerably lower than in an ordinary single-stage turbine.
This permits to utilize larger heat drops and obtain a higher effi
ciency.

A disk with two velocity stages is very often employed as the 
first governing stage of a multistage turbine. The losses in the 
blades of velocity-compounded turbines, the heights of the nozzle, 
moving and stationary blades and the data for plotting the process 
in an i s  diagram are determined in accordance with the formulas 
set forth above.

Fig. 226. Relative internal efficiency curves for turbines with (a) one, {b) two 
and (c) three velocity stages

Fig. 226 contains curves of the relative internal efficiency of a 
turbine with two or three velocity stages and, for purposes of 
comparison, the curve of an ordinary single-stage turbine.

Low-power back-pressure turbines are often manufactured with 
velocity compounding. The relative internal efficiency of turbines 
with velocity compounding reaches 0.6 to 0.7. Even higher effi
ciencies can be achieved when such turbines are manufactured 
with great precision.

Multistage Impulse Turbines. The majority of modern turbines 
even with a comparatively small power are multistage machines. 
Turbines with a high power output as, for example, the type BK-100 
turbine with an output of 100,000 kw and type CBK-150 for 
150,000 kw have been designed respectively as two-cylinder and 
three-cylinder turbines, with 10 stages per cylinder. Moreover, in
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the low-pressure cylinders a diverging two-sided steam flow is 
employed, i.e., all the stages of this part of the turbine are dupli
cated. In the type I7BK-200 turbine of the Leningrad works with a 
capacity of 200,000 kw there are three cylinders (the number of 
stages is 9, 11 and 2 X4 ) .  When multistage turbines are being 
designed it is necessary first of all to' determine the number of 
stages and to divide between them ^
the available heat drop. In a tur- (
bine with z stages the average/,- --------- -
heat drop per stage will be

A4/ =  —  kcal/kg. (6-62)

After the heat drop has been 
distributed between the stages 
detailed calculations are made 
for each stage, and at the same 
time the process of steam expan
sion is plotted consecutively by 
stages in the i-s diagram (Fig. 227).

In multistage turbines it is 
possible to partly or completely 
utilize the discharge losses of each 
stage in the following stage. For 
this end the stages should have 
full steam admission and the 
steam exit angle of one stage 
should equal the entrance angle of 
the following stage.

If the overall relative internal efficiency of the turbine qr , is 
given the heat drop efficiently utilized in the turbine H = H ^ .  
Upon plotting point C in the i-s diagram on the adiabatic line of 
steam expansion at the end of the heat drop efficiently utilized in 
the turbine (Fig. 227) and projecting this point onto the constant- 
pressure line of the final pressure at point D, let us draw a condi
tional polytropic line AD of steam expansion in all the stages of 
the turbine being designed. The sum of the theoretical heat drops 
by stages will be greater than the available theoretical heat drop 
in the whole turbine:

Fig. 227. Working process of a 
multistage impulse turbine in i-s 

diagram

—(1+® )-^. (6-63)

where a =  coefficient of heat return ranging from 0.03 to 0.06.
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Thus, for multistage steam turbines the average heat drop per 
stage will be

T  + ;> " * . (6-64)

The heat drop in each stage can be represented as follows:
Ac\u2 Aul

fl 2g<fl“2 2 gfl-x2
(6-65)

where

JC2
c2 ' 1

If the heat drops in the stages are equal their sum is

^  =  =  (6-66) 2 g%S
This equation can be rearranged as follows:

u?z =Ji L x 2 = 8’380^ 2= y ■ (6-67)

The quantity y is known as Parsons’ number after the author of 
this equation, the well-known English inventor of the reaction 
turbine. Parsons’ number y equals 900 to 1,150 for low-performance 
turbines with rjr. b = 0.70 to 0.75, from 1,150 to 1,500 for medium- 
performance machines with iv  b = 0.75 to 0.80 and from 1,500 to 
2,000 for high-performance turbines with r)r. t, = 0.80 to 0.85.

The power output of turbines with no steam extraction will be:

Ng=  G\ o ‘mr>e kw. (6-68)

If in this equation the rate of steam flow is substituted with its 
value from the continuity equation of the steam flow in the moving 
blades of the last stage and if certain transformations are made, 
the equation of the maximum turbine power output with a single 
steam flow is obtained:

4 3 9 .0 0 0 u * A / /  H f r . t W g  
k bn2v2 (6-69)

where £d =  steam discharge loss factor for the last stage, taken 
from 0.02 to 0.05;

5' =  -—=  ratio of the average diameter of the last stage to the
blade height, taken equal to at least 4 to 3;
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v2 =  specific volume of the steam at the exit of the last 
turbine stage.

To obtain the maximum possible power output in a single unit 
the stages in the low-pressure cylinder are duplicated (compound
ed). In some instances in the low-pressure part of a turbine three 
or four steam expansion flows are designed in the last stages, the 
number of cylinders being increased.

For high-power turbines the number of stages can be determined 
from the condition that there are no expansion nozzles in all the 
stages. Hence

____ logp2— logp, , c  VA,
z _ ------ ^ ------- ’ (6’70>

where v = ratio of the critical pressure of the steam at the nozzle 
exit to the initial pressure before the stage.

In actual conditions it is good practice to add one or two stages 
to the number obtained above.

For high-power turbines the number of stages may be approx
imately selected on the basis of Parsons’ number:

z 8,380?*** (1 + (* )//,
U2

av
(6-71)

where uav = average tangential velocity for the turbine stages.
To obtain uav it is first necessary to determine the diameters of 

the first and last turbine stages, for which purpose the following 
formula is recommended:

In this equation for the first and last stages x can be selected 
from 0.4 to 0.5. If the first stage is being designed in the form of a 
disk with two velocity stages, then x = 0.2 to 0.24. The value of
S =  y  for the first stage can be taken equal to from 10 to 12 and
for the last stage from 4 to 5.

The rotative speed is usually taken equal to 3,000 rpm. Some
times for low-power high-pressure turbines the speed may be con
siderably higher. The last stage is always designed with full steam 
admission, i.e., e =  1.

The average diameter of a turbine stage is approximately found
from the ratio

j  d\-\-dn 
"av 2 ' (6-73)

whence
— _ 71 davti 

av g o  • (6-74)

2 6 -8 1 4
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The heat drops in the separate stages should be increased with 
an increase in the diameters of the stages, for which end the 
following Expression is recommended:

hSt
(1 -f~ g) Htd2 (6-75)

Having established the general nature of the change in the 
diameters from the first to the last stage, the diameter of each 
stage is consecutively substituted in the formula and the heat 
drops for. all the stages are determined. After having found the 
number of stages and the distribution of the total heat drop by 
stages a detailed calculation of each stage, from the first to the 
last one, is carried out as indicated above for single-stage steam 
turbines. Simultaneously the process is plotted in an i-s diagram 
and the efficiency of each stage and of the turbine as a whole is 
determined. The overall turbine efficiency is used to determine 
more precisely the rate of steam flow and the heights of all the 
turbine blades.

5. Turbine Governing
Steam turbines may have two forms of governing, namely, quali

tative (throttle) or quantitative (steam flow) governing. In the 
first instance when the turbine power output is lowered by means 
of a speed governor and the corresponding transmission to the 
steam inlet valves, the steam is throttled before the turbine and 
as a result both the available heat drop in the turbine and the rate 
of steam flow are reduced.

In the second instance the steam is admitted to the turbine 
through a number of inlet valves before the first stage. When the 
load is reduced the inlet valves are partly closed one after the 
other. The initial pressure of the steam before the turbine remains 
constant while the quantity of steam entering the turbine is 
reduced.

Fig. 228 shows a very simple throttle governing device. Centri
fugal speed governor 1 is connected by a rod to oil pilot valve 
piston 4 at point a and to servomotor 2 at point b. When the 
turbine load drops the speed of the turbine begins to grow. The 
weights of the centrifugal governor will move apart and governor 
sleeve M begins to rise, carrying along rod M-b. This will cause 
pilot valve piston 4 to rise and the oil entering the valve througli 
oil pipe A will flow under pressure to servomotor 2. Under the 
pressure of the oil the servomotor piston lowers and begins to 
close the steam inlet valve. As a result of throttling the available
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heat drop and the amount of steam entering the turbine will be 
reduced until the required relation between the new power output 
of the turbine and the rate of steam flow has been established.

For turbines with quantitative governing a turning servomotor 
as shown in Fig. 229 is used. When the turbine load drops pilot 
valve piston 14 will move upward under the action of centrifugal 
speed governor 2. Oil under pressure flows along oil pipe 13 into 
the spaces of servomotor 4. This will cause shaft 10 provided with

Fig. 228. Sketch of throttling device for governing turbine power output
/  — centrifugal governor; 2 — servomotor; 3 —throttle valve; 4— oil pilot valve

cams to turn through a certain angle, and under the action of 
lever 8 valve 5 gradually begins to close (only one valve is shown 
in the diagram, but actually there may be from four to nine 
valves). A special cam is fitted on the camshaft that actuates the 
feedback lever and ensures precise operation of the governing 
system.

Sometimes the mechanical transmission is replaced with a 
hydraulic one using oil (Fig. 230). In this system of quantitative 
governing oil pump 1 delivers oil under pressure to the space 
under the piston of servomotor 6. The pressure of the oil on the 
piston is balanced by spring 7. Part of the oil is supplied to 
throttling device 4 of the governor from oil pipe 5. When the 
turbine load drops throttling device 4 opens wider under the action

26*
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of centrifugal governor 2, more oil flows through pipe 3 into tank 9 
and the pressure in pipe 5 drops. This causes steam inlet valve 8 
to gradually close under the action of servomotor.spring 7. In some 
systems of turbine governing called hydrodynamic systems an oil 
pump impeller mounted on the turbine shaft is used instead of a

Fig. 229. Quantitative governing with turning servomotor
./ — turbine shaft; 2—centrifugal governor; 3—turnbuckle; 4 —servomotor; 5 —valve; 6 — spring 
tension adjustment nut; 7 — regulating multiunit valve; 8 — lever; 9 — cam; 70 — camshaft; 
77 —cam; 72 — pressure roller; 73—oil pipe; 14 — pilot valve; 75 —oil pipe to bearings; 75—weight; 

77 —oil distributing valve; 18— main oil pump

centrifugal governor. The oil pressure in the system changes with 
the turbine speed.

In turbines with controlled steam extraction the governing, 
system also includes a pressure regulator.

To ensure safe operation of a turbine, for example, in case of a 
sudden increase in pressure or a sharp reduction in load each 
turbine is provided with an overspeed governor. When the load is 
reduced and the speed increases by about 10 to 12 per cent the 
overspeed governor begins to operate and by means of governing
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elements, such as those described above, it closes the stop valve 
and all the steam inlet valves, thus bringing the turbine to a stop..

Fig. 230. Quantitative governing with hydraulic transmission
1 — oil pump; 2 —centrifugal governor; 3 —oil drain pipe; 4 — throttling device of governor;: 
5 — oil pipe from oil pump; 6 — servomotor; 7 — servomotor piston spring; 8 — valve; 9 — olj tank

6. Steam Turbine Design
At present most turbine works are manufacturing turbines with 

high steam parameters. This ensures a high turbine efficiency and 
good economy ratings of the power stations in which such turbines 
are employed.

In turbines working at initial pressures of 130 atm and more 
reheating of the steam is employed to reduce its moisture content 
in the last stages of the turbine, which prevents considerable 
erosion of the moving blades. In this case all the steam is usually 
reheated in a steam boiler or in a special heater after the first 
high-pressure cylinder, and then it is expanded in the following 
cylinders of the turbine.

Fig. 231 shows a back-pressure turbine with high initial steam 
parameters for a power output of 25,000 kw. The disks of the 
turbine are machined together with the shaft from a single forging..
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The first regulating stage is designed with one velocity stage. In 
case the turbine is overloaded a by-pass valve is provided, by 
means of which the steam is delivered from the first stage directly 
to the fourth one. The diaphragms of all the stages are assembled 
in four holders which are secured in the turbine casing.

Above the coupling connecting the turbine shaft to the generator 
shaft there is installed a shaft rotating device that is switched on 
after the turbine has been dis
connected to ensure uniform 
cooling of the rotor by contin
uing to revolve it for some time 
at a very low speed.

Some works are producing 
turbines with controlled inter
mediate extraction of steam for 
processing purposes or for heat
ing buildings.

In all medium- and high-pow
er turbines a number .of non- 
controlled steam extraction 
taps are usually provided. This 
steam is used for regenerative 
heating of the condensate be
fore feeding it to the boiler. Fig. 
232 contains a simplified steam 
circuit diagram of a turbine 
with three feedwater heaters 
(Nos. /, 2 and 3) and corre
spondingly with three noncon- 
trolled steam extraction taps. 

After leaving the condenser

Dip, t,

Fig. 232. Steam circuit diagram of tur
bine with feedwater heating

the condensate is consecutively 
heated in each heater. The steam tapped from the turbine for the 
heaters condenses and this condensate mixes with the main con
densate flow. The use of regenerative feedwater heating ensures a 
noticeable increase in the thermal efficiency of the cycle, as can be 
seen from the following expression:

*0 — ht 
h  Qfw

(6-76)

where /0 and /2/ =  initial and final enthalpies of steam upon its 
adiabatic expansion in the turbine; 

qjw =  enthalpy of feedwater (condensate) before it. 
is fed into the boiler.
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The power output of a turbine with one extraction point will be

k f i t  _  a \Ht̂ T e +  ( G 1 —  G t a p )  Ht +  V e  (R 7 7 \
N -------------------------- 860----------------------* (6 -77)

where Gj =  quantity of steam supplied to the turbine, kg/hr; 
O/ap — quantity of steam tapped from the turbine;

Ht =  theoretical heat drop up to the extraction point; 
=  theoretical heat drop after the extraction point up 

to the final discharge pressure; 
e and 7)" e =  relative effective efficiencies of the turbine parts 

before and after the extraction point.
This equation is used to calculate the hourly rate of steam flow 

in a turbine for a given power output.

Fig. 233. Assembly of two-cylinder turbine

Turbines with steam extraction are more frequently provided 
with a system of quantitative (direct) control containing an ex
traction pressure regulator.

A two-cylinder turbine in the process of assembly is shown in 
Fig. 233. The first stage of the turbine has two velocity stages. 
The low-pressure cylinder is provided with duplicate stages.

Fig. 234 shows a three-cylinder 200,000-kw turbine operating 
at 130 atm and 565 deg C with intermediate reheating to 565 deg. 
The low-pressure cylinder is of a double-flow design, while the 
next to last blades in the low-pressure cylinder are double-row 
ones (Bauman blades). In the upper row of this stage part of 
The steam expands to the condenser pressure and is immediately
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directed to the condenser. Due to the relatively large heat drop 
and the correspondingly high steam velocity the total length of 
the bladeskis considerably reduced. The steam passing through the 
lower row of the stage flows through another stage and thence to 
the condenser.

The use of double-row stages permits to increase the steam flow 
through the last stage, i.e., to increase the maximum power output 
of single-flow steam turbines.

Reaction steam turbines are always designed as multistage ma-
a sectional view of a three-cylinder 
150,000-kilowatt reaction turbine oper
ating at 110 atm and 535 deg C. The 
high-pressure cylinder is forged in one 
piece, only at the exhaust end two 
wide disks are fitted onto the shaft, to 
the shrouds of which as well as to the 
widened part of the shaft moving 
blades are secured. The guide blades 
are secured in the corresponding gooves 
in the turbine casing. Full steam ad
mission is always employed in reaction 
stages.

To provide quantitative governing 
the first stage of the high-pressure 
cylinder is designed as an impulse 
stage. The rotors of the intermediate 
and low-pressure stages are made of 
disks welded together along their 
shrouds. The low-pressure cylinder is 
of a triple-flow design.

In a reaction stage, as indicated 
above, the steam expands both in the 
nozzles and in the moving blades.

Large axial forces arise in the rotors 
of reaction turbines due to the differ

ence in pressure before and after each row of blades. To relieve 
the rotor dummy pistons are used in addition to the thrust bear
ing. If the turbine has two or three cylinders, then in each con
secutive cylinder the steam flows in a direction opposite to that 
in the preceding one, thus balancing the axial forces.

Fig. 236 depicts the process of steam expansion for one stage of 
a reaction turbine in an i-s diagram. Here A^Ait is the theoretical 
heat drop, while h0\ and h02 are correspondingly the heat drops in 
the nozzles and in the moving blades. The losses in the nozzles hn 
are plotted upward from point A it to the end of the polytropic

chines. Fig. 235 shows

Fig. 236. Steam expansion 
process in a reaction stage, 

shown in i-s diagram



STEAM TURBINES 411

expansion line at point A\. The losses in the moving blades hi, 
are plotted upward from point A2t to point A2. Next the thermal 
losses due to steam leakage through the radial clearances between 
the blade tips and the turbine casing and rotor are calculated. 
These losses are mainly quantitative, but also qualitative, since the 
steam enthalpy before the following stage grows. Due to this fact 
the thermal process of each consecutive stage in the i s  diagram 
will be displaced somewhat to the right. These losses reduce the 
turbine efficiency. Labyrinth sealing glands are provided on the 
tips of both the guide and moving blades to reduce the losses 
through radial clearances.

The relative blade efficiency of a reaction stage will be (from 
the i s  diagram):

■ * , . > = <6-78>
The velocity of the steam at the nozzle exit is

i =  9i.5cp„ y  |(1— ?)hst-t-A -2j  m/sec (6-79)

The angles ai and (52 are selected from 20 to 25 deg, while in 
the last stages they are increased to about 40 to 45 deg.

The relative velocity of the steam at the moving blade exit is
1 /  WTa;2 =  91.5i|> y  phst-\- A - ^  m/sec.

The work done by one kilogram of steam in the stage is

L = Cj +  -
2 g

The relative blade efficiency will be
kg-m.

_  ci — 4 + W2~ W1
Vrb C2 wl1 2 i 2

--------C2 + - T 2 - - “ ' l
Tn T

(6-80>

(6- 81>

(6-82)

If the shapes of both the nozzle and the moving blades are 
selected the same (i.e., the angles ai =  and p2 =  a2) and the 
fraction of reaction p is taken equal to 0.5, and if it is taken into 
account that the discharge velocity of the preceding stage is used 
in the following stage, then the velocity triangles for the steam 
entering and leaving the moving blades (see Fig. 219) will be the 
same. Hence
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where ? =  energy-loss factor for the stage, equal to the ratio of 
i the sum of the heat losses in the nozzles and the mov

ing blades to the theoretical heat drop in the stage.
The optimum value of — ensuring the maximum relative blade

■efficiency can be obtained from this expression:

< M 4 >

In general for reaction stages the ratio — may be selected from 
0.4 to 0.8 (the lower values are for the last stages).

Fig. 237. Radial-flow Ljungstrdm turbine (upper half)
/  — steam Inlet; 2 —blades; 3 — last (axial-flow) stage

The number of stages of a reaction turbine can be selected from 
the manufacturer’s data or by the same method that is used to 
determine.the number of stages in impulse multistage turbines. 
The heat drop should be distributed among the stages in propor
tion to the square of the stage diameter, i.e., gradually increasing 
from the first to the last stage. The heights of the nozzles and mov
ing blades are determined from the formulas given above.

.Reaction turbines are sometimes designed with radial steam 
admission. Fig. 237 shows the upper part from the shaft centre



STEAM TURBINES 413

line of a radial reaction turbine designed by the Swedish engineer 
Ljungstrom. In such turbines the moving blades are secured in 
■concentrical rows on two disks connected through extensions to 
two shafts that revolve in opposite directions. Due to the provision 
of two shafts the Ljungstrom turbine can drive two electric gener
ators simultaneously. The internal efficiency of a radial turbine 
is as high as 0.86 to 0.90.

7. Condenser Units
In the majority of steam turbines, including extraction machines, 

the steam is expanded to a deep vacuum that necessitates the 
employment of a condenser. In condensing steam turbines the heat 
drop is utilized to the maximum thus increasing turbine efficiency.

In a condenser, which is a closed vessel with a certain volume, 
the vacuum is created by means of an air pump, while under the 
action of cooling water the exhaust steam condenses.

Condensers can be classified into two general groups, namely, 
let and surface condensers.

In the first type the exhaust steam and jets of cooling water are 
introduced into the condenser simultaneously, where they mix and 
the heat of the steam is transferred to the cooling water.

Fig. 238 contains diagrams of two jet condensers, one with 
parallel flow (Fig. 238a) and one with counterflow (Fig. 2386) of 
the steam and the cooling water.

Fig. 238. Jet condensers
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The temperature of the condensate and cooling water mixture 
can be determined from the heat-balance equation for a jet 
condenser

whence
O ( U  —  tm<x) =  W t t m i x  —  < i ) .

Gic+Wti 
G +  W  '

(6-85)

(6-88)

where G =  rate of steam flow, kg/hr;
W = ra te  of cooling water flow, kg/hr; 
ic — enthalpy of exhaust steam entering the condenser, 

kcal/kg;
tmix == temperature of the condensate and cooling water mix

ture, deg C;
/j =  initial temperature of cooling water, deg C.

The heat capacity of water is taken equal to unity. The ratio
w-Q- = m  is called the cooling ratio.

In steam engines and turbines where jet condensers are 
employed the cooling ratio varies from 25 to 35 kg of water per 
kg of steam.

Surface condensers, which are mainly designed in the form of 
a drum, contain a large cooling surface consisting of thin brass 
tubes through which cooling water is forced by a circulation pump. 
Upon coming into contact with the surface of the cooled tubes the 
steam condenses and the condensate gradually flows into the hot 
well. Hence a condensate pump delivers the condensate through 
regenerating feedwater heaters whence it is fed to the steam 
boilers.

A cross-sectional view of a condenser through its casing and 
cooling tubes is contained in Fig. 239. The light strips show clear
ances between the tubes provided to improve feeding of the steam 
to the whole cooling surface. The exhaust steam enters through 
upper inlet pipe 1 while the condensate is drained away at the 
bottom through the discharge pipe of hot well 4. The air-steam 
mixture is exhausted at two sides through pipe connections 3. Air 
gets into the condenser through leaks in the turbine, the turbine 
exhaust pipe and the connection to the condenser, and through 
leaks in the condenser itself. Ejectors are employed to evacuate 
this air, usually containing a small amount of steam, from the 
condenser.

Fig. 240 shows a type JTM3 condenser for a 100,000-kw steam 
turbine. Usually the shell of a condenser is secured on springs,
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which ensures thermal expansion of the whole turbine unit without 
reducing the tightness of the joints along the steam passage.

An absolute steam pressure of 0.03 to 0.05 ata is usually main
tained in the condensers of the most powerful turbine installations.

The required cooling surface of this type of condenser can be 
determined from the equation of its heat balance:

Q =  Gc (i2 — ic) =  W (t2 — t x) cw =  kFc Mav, (6-87)



o f  casing
o f  w a ter 
chambers

(b)
Fig. 240. Condenser to type J1M3 100,000-kw turbine with central steam „

admission 
a — longitudinal section; b — cross-section



STEAM TURBINES 41?

where Q =  quantity of heat rejected by the steam to the cooling 
water, kcal/hr;

Gc =  amount of steam exhausted from the turbine to the con
denser, kg/hr; 

i2 =  enthalpy of the steam entering the condenser; 
ic =  enthalpy of the condensate;

W =  amount of cooling water supplied to the condenser,, 
kg/hr (ranging from 60 to 90. kg of water per kg of - 
steam and over);

?2 and ti =  initial and final temperatures, respectively, of the 
cooling water, deg C;

cw =  heat capacity of the cooling water, kcal/kg° C; 
k =  coefficient of heat transfer from the steam to the cool

ing water through the walls of the tubes, kcal/m2-hr° C 
(varying from 3,000 to 5,000 kcal/m2-hr° G);

Fc =  cooling surface of the condenser, sq m;
=  average logarithmic difference between the steam and 

water temperatures, equal to
2̂ — 6

2.3 In
* S ------ *2

(6 -88)

where ts = temperature of steam at the condenser inlet.
Condensers are provided with auxiliary equipment such as cir

culating and condensate pumps and air ejectors. Circulating pumps 
are designed to deliver cooling water. Condensate pumps remove 
the condensate from the condenser and feed it to the regenerative 
water heating system for feeding to the steam boiler. Ejectors are 
used to evacuate air from the condenser. The design of a two-stage 
ejector is shown in Fig. 241.

The steam at a pressure of up to 15 to 20 ata is delivered to 
each stage through pipes 1. This steam expands in nozzles 2 of 
each stage of the ejector to a high vacuum. The steam jet leaving 
the nozzle sucks in air (and partly steam) through pipe 3 connect
ed to the condenser. In diffuser 4 the air-steam mixture is com
pressed at the expense of a reduction in the velocity of the mixture 
and is delivered via pipe 5 to the second stage of the ejector. 
Here the air-steam mixture is again compressed until its pressure 
somewhat exceeds that of the outside atmosphere and is discharged 
to the surrounding air.

Large water reservoirs, rivers and lakes are required to supply 
condensing units with water. If no such water reservoirs are 
available near the steam turbine condensing unit it becomes neces
sary to employ artificial cooling of the water circulating through 
the condenser. For this purpose either water-cooling towers or

27-814
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spray ponds are erected. In spray ponds the cooling water is 
sprayed through nozzles and the water is cooled by rejecting its 
heat to the surrounding air and to the evaporated part of the 
water.

Fig. 241. Two-stage ejector for evac- Fig. 242. Diagrammatic view of 
uation of air from a condenser cooling tower

1 — steam Inlet; 2 —steam nozzles; 3 — air 
suction pipe; 4 —diffusers; 5 —air pipe from 

first to second stage of ejector

In cooling towers (Fig. 242) the warm water leaving the con
denser is pumped to the tower and by means of screens or other 
devices is dispersed into fine streams that drop down into a cooled 
water tank. The draught of the tower chimney causes air to flow 
upward and cool the warm water, carrying away an insignificant 
part thereof in the form of vapour. The water cooled in the tower 
is again delivered to the condenser by a circulating pump.



C h a p t e r  II 
GAS TURBINES

1. Development of Gas Turbines
In gas turbines the working fluid comprises either the combustion 

products or heated air (gas) with a high initial temperature and 
the corresponding pressure. In the turbine blades expansion of the 
working fluid takes place and the heat energy is converted into 
kinetic energy which, in turn, is transformed into work done on 
the gas turbine shaft.

Gas turbines are very compact and high-speed machines. The 
fuel is burned in a combustion chamber located near the gas tur
bine, and the combustion products mixed with air flow at quite 
high temperatures through the turbine, performing work. A gas 
turbine can be a machine with a high performance.

Gas turbines are used in aviation, at electric power plants, as 
well as in ships, locomotives and automobiles. The employment of 
gas turbines as the main element of airplane jet engines solved 
the problems of ensuring high flying speeds approaching sonic 
and supersonic values, a considerable lifting capacity and flights 
at high altitudes of various types of planes.

The use of gas turbines in railway traction equipment results in 
great fuel economy and considerably simplifies the problem of 
water supply. Gas turbine locomotives can compete with diesel 
locomotives equipped with internal-combustion piston engines.

The majority of modern gas turbines use liquid fuel. In many 
installations gaseous fuel is used, including natural gas or gener
ator gas, as well as the gas produced by underground gasification 
of solid fuel. There have also been designed gas turbine units 
using solid fuels.

The history of gas turbine development is similar to that of other 
types of engines. The principle of the reactive action of a jet (of 
steam, water or gas) flowing out of an orifice was known back in 
ancient times. The spherical vessel invented by Hero of Alexandria 
revolved on this principle. This property of the creation of a reac
tive force was used by the Chinese when they invented lighting 
and incendiary rockets.

The necessity of developing a mechanical engine for performing 
work, however, appeared much later, during the period of industrial 
development.

27*
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Russian inventors and scientists made a valuable contribution 
to the development of gas turbines. In 1897 the Russian marine 
engineer P! Kuzminsky designed a gas turbine and built an expe
rimental unit. Kuzminsky’s gas turbine (Fig. 243) consisted of a 
gas turbine proper and a combustion chamber into which kerosene 
and air for its combustion were delivered under pressure.

The combustion chamber consisted of internal tube 3 of a heat- 
resistant alloy and an external steel casing. Water for cooling

Fig. 243. Combustion chamber and gas turbine designed by Kuzminsky
7 —moving blades; 2 —coll for water cooling t h e  combustion ch am b er ;  3 — combustion chamber;

^ — a i r  In ta k e ;  5 — fue l  d e l iv e ry

the combustion-chamber walls circulated at a pressure of 50 atm 
through coil 2 located between the internal tube and the casing. 
The steam formed in the coil was delivered to the combustion 
chamber, where it was mixed with the kerosene combustion prod
ucts. The steam-gas mixture formed in this chamber was delivered 
to the gas turbine at a pressure of about 10 atm. The process went 
on in the combustion chamber at a constant pressure, and therefore 
these chambers were called constant-pressure combustion chambers. 
The principles of a constant-pressure combustion chamber are used 
in almost every modern gas turbine.

Engineer P. Kuzminsky proposed a radial gas turbine consisting 
of two adjacent disks on the side surface of which guide vanes 
and moving blades were concentrically arranged. Thus, Kuzminsky 
was the inventor and the first designer of the radial turbine.

From 1902 the Russian engineer V. Karavodin worked on the 
design of a gas turbine. Between 1906 and 1908 he constructed a 
gas turbine of original design with the combustion process proceed
ing at constant volume (Fig. 244).
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The combustion chamber of Karavodin’s gas turbine was pro
vided with valves for admitting air. Petrol was used as fuel. 
A spark plug was used for ignition, and upon ignition of the fuel- 
air mixture the pressure in the combustion chamber instantaneously 
increased, after which the gases flowed through a long tube to a 
convergent-divergent nozzle and then to the blades of the turbine.

Under the action of the inertia forces of the gas flow in the 
nozzle the admission valve in the combustion chamber opened and. 
a new portion of air was sucked 
in. Then fuel was injected once 
more, the fuel-air mixture was ig
nited and the entire cycle was 
repeated.

The initial temperature of the 
working gas is of paramount im
portance for increasing the per
formance of a gas turbine. Even 
at the present level of progress 
in engineering, however, difficul
ties are encountered in the manu
facture of gas turbines for sta
tionary use that are designed for 
reliable continuous operation at 
temperatures exceeding 900 to 1000 
deg C. Most modern gas turbines 
operate at initial gas temperatures 
of about 700 to 800 deg C.

A great amount of work in the 
development of gas turbine con
struction in the Soviet Union was 
performed by V. Makovsky, Pro
fessor of the Kharkov Mechanical Engineering Institute (at present 
called the Kharkov Polytechnical Institute).

V. Makovsky together with his pupils designed a gas turbine 
operating at constant pressure. Makovsky’s gas turbine (Fig. 245) 
was manufactured in 1939 by the Kharkov Turbo-generator Works 
named after Kirov. This turbine had a power output of 400 kw and 
was designed to work with coal gas. It was installed in the Donets 
coal field where experiments in the underground gasification of 
coal were being carried out. The rotor of the turbine consisted of 
two velocity stages. Water-cooled guide and moving blades were 
employed in the machine.

The fundamentals of gas turbine theory were worked out by the 
Russian scientists A. Stodola, B. Stechkin, V. Uvarov, I. Kirillov, 
G. Zhiritsky and others.

Fig. 244. Turbine designed 
Karavodin

by

1 — combustion chamber; 2 — air Inlet valve; 
3 — valve spring; 4 — fuel supply duct; 
5 —spark plug; 6 — nozzle tube; 7 — moving 

blade shroud ring
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The present level of gas turbine development permits to employ 
these turbines quite expediently both in industrial enterprises and 
in transportation.

The average efficiencies of heat power installations with various 
types of engines are as follows:

/  — disk with two moving blade rows; 2 — journal bearing; 3— labyrinth packing; 4 — journal 
bearing; 5 — coupling with generator shaft; A — gas Inlet; £ “ Spent gas exhaust

(1) for the majority of steam turbine installations of central 
power stations—about 0.30 (30 per cent). At a pressure of 240 
to 300 ata and a steam temperature of 600 to 650 deg C the 
efficiency reaches 0.39 to 0.42;

(2) for installations with internal-combustion engines—from 
0.33 to 0.35 (for a further increase in efficiency a considerably 
greater compression ratio is required);

(3) in installations with reciprocating steam engines—from 
0.16 to 0.25;
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(4) in steam locomotives—less than 0.10;
(5) in gas turbine installations with gas temperatures ranging 

from 650 to 750 deg C—about 0.30 to 0.32 (in stationary installa
tions) and not below 0.20 in vehicles with a possible increase up 
to 0.45 to 0.55 at gas temperatures ranging from 1200 to 
1500 deg C.

An increase of the initial temperature and, therefore, of gas 
turbine efficiency is limited by existing heat-resisting materials. - 
Soviet metallurgists are constantly working on the improvement 
of the quality of alloys for high-temperature gas turbines. Simul
taneously for raising the initial temperature of the gas at the tur
bine entrance efficient methods of cooling the loaded parts of the 
turbine, namely, the guide vanes and moving blades, disks and 
shafts, are being developed.

Of great importance is also the reduction of the gas temper
ature at the turbine exit, which is achieved by utilizing the 
heat of the exhaust gas in special regenerative heat exchangers 
to heat the air before it is delivered to the combustion chamber. 
Good results are also obtained by increasing the efficiency of the 
gas turbine and compressor flow passages, reducing the aerody
namic losses along the whole path of the air and gas, and by 
other means.

The employment of nuclear fuel in gas turbines is of special 
importance. For this end it is necessary first of all to create atomic 
reactors in which the gas would be heated up to temperatures of 
500 to 600 deg C and even higher.

To increase the efficiency of gas turbines heat exchangers, such 
as regenerators and coolers, are used. The heat exchangers used 
at present have insufficiently high heat-exhange indices and are 
too large. A higher efficiency of heat exchange between the tur
bine exhaust gas being cooled and the air being heated in the 
regenerator for delivery to the combustion chamber must be 
achieved. In the U.S.S.R. gas turbines are produced by many large 
steam turbine plants, many of these turbines having a power out
put of 50,000 kw and more.

2. Fundamentals of Theory of Heat Processes in Gas Turbines
A simple gas turbine installation consists of a gas turbine, 

a compressor, a combustion chamber and a regenerator (Fig. 246). 
The compressed working fluid (the combustion products mixed 
with air, pure air or another gas) heated to the required temper
ature is delivered into the gas turbine, where it expands and 
where its heat energy is converted into mechanical energy. The 
rotor of the gas turbine can have one or several stages. Guide
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(nozzle) vanes secured in the turbine casing are located between 
the rotor disks.

The gas velocity at the exit of the nozzles or guide vanes, as 
is known from thermodynamics, can be expressed as follows:

where <p =  coefficient of velocity loss in nozzles due to churning 
of the gas flow, friction between the gas and the nozzle 
walls and other factors; 

g =  gravitational acceleration, m/sec2; 
k =  adiabatic exponent;

p x, =  initial pressure (in kg/m2) and specific volume (in 
m3/kg) of the gas before the nozzle; 

p2 =  pressure of the gas at the nozzle exit, kg/m2.
After its expansion in tbe nozzles or guide vanes the gas flows 

at a high velocity through the moving blades of the turbine stage, 
where its kinetic energy is transformed into the mechanical rota
tive energy of the turbine disk.

Gas turbines may be of the impulse type, if expansion of the 
gas takes place only in the nozzles, or of the reaction type, if the 
gas expands not only in the nozzles, but also in the passages be
tween the moving blades.

In some instances the impulse stages of gas turbines, as in 
steam turbines, are velocity compounded. In such turbines the 
gas expands in. the first nozzle and then in each velocity stage 
th'e kinetic energy of the gas is transformed into mechanical 
energy.

Gas turbines are usually designed as multistage units (from 3 
to 10 stages and more). In these turbines the process of expan
sion from the initial gas pressure pi to the final pressure p2 is 
distributed almost uniformly among all the stages. Fig. 247 
shows a multistage gas turbine with the top lid removed.

The design of a turbine is selected in accordance with the 
designation, operating conditions and power output of the ma
chine. The design of gas turbines provides either for utilization of 
the spent gases in a regenerator, or (in the simplest and low-per
formance machines) discharging thereof to the atmosphere.

Compressors (single- or double-cylinder ones in dual-shaft gas 
turbines) serve for preliminary compression of the air participat
ing in the thermodynamic cycle. Axial or centrifugal compressors 
are the main types used in gas turbine installations. The air after 
passing through a filter is sucked into the compressor where it 
is compressed to the required pressure.

(6-89)
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The compressed air is then delivered for heating to a heat re
generator a-nd thence to the combustion chamber, sometimes called 
a combustdr. In the simplest types of gas turbines having no 
heat regenerators the air is delivered directly from the compres
sor to the combustion chamber. The fuel for combustion is deliv
ered at a high pressure into the combustion chamber. Since com
bustion goes on at high temperatures (over 1500 deg C) then to 
obtain temperatures permissible for a gas turbine at the outlet

Fig. 247. Multistage gas turbine with top lid open

of the combustion chamber the temperature of the gases is reduced 
by adding considerable amounts of compressed air to it.

To bring the turbine and the compressor into motion an electric 
motor is mounted on the turbine shaft.

Gas turbine installations may be dual-shaft machines consist
ing of two separate casings in which the gas expands consecu
tively. One turbine drives a generator and thus provides the use
ful power output. The second one is mounted on one shaft with 
the compressor and drives the latter. In such installations the 
compressor turbine can run at various speeds, which permits to 
control the power output of the installation depending upon the 
generator load.

The gas turbine installation described above is called an open- 
cycle one. In such machines the air is drawn into the compressor 
from the atmosphere and the exhaust gases are also discharged 
to the atmosphere.

In the last decades another type of gas turbine was developed 
called the closed-cycle type. In closed-cycle gas turbines the work
ing fluid is usually air, and sometimes such gases as hydrogen,
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helium, carbon dioxide. After being compressed and preliminarily 
heated in the regenerator the air is delivered to an air heater. 
The latter is similar in design to a steam boiler. Any type of fuel 
can be burned in the combustion chamber of the heater. From the 
heater the air is delivered under pressure to the gas turbine and 
performs work therein.

After leaving the turbine the air flows through a heat regene
rator, where it transfers part of its remaining heat to the counter- 
flow of air from the compressor. After the regenerator the air is 
cooled in a special cooler and is then again fed via the compres
sor to the air heater. Thus, the cycle is a closed one.

In closed-cycle gas turbines the pressure ratio is usually the 
same as in open-cycle machines. The absolute pressures of the 
working fluid are quite high (e.g., 40 to 50 ata before the turbine 
and 10 to 12.5 ata after it).

Besides expression (6-89) given above, the gas velocity at the 
nozzle exit can be found from_the well-known equation of thermo
dynamics

Cj =  91.5cp j /  i0 — iu, (6-90)

where Cj =  actual velocity of the gas at the nozzle exit, m/sec;
<P =  coefficient of velocity loss in nozzles due to churning, 

friction of the gas against the walls and other causes; 
i0 and r1( =  enthalpies of working fluid at the nozzle entrance and 

at its exit, assuming adiabatic expansion. These values 
are determined from an i s  diagram for the gas in 
question.

The work done by 1 kilogram of gas in adiabatic expansion, 
depending upon its initial and final parameters, is

If a T-s diagram will be used to investigate the process of gas 
expansion, then the velocity of the gas at the nozzle exit can be 
found as follows:

Cj =  91.5<p V CP(T0 — Tu), (6-92)

where 7'0 =  absolute temperature of the gas at the nozzle en
trance, deg K;

Tu — absolute temperature of the gas at the nozzle exit 
with adiabatic expansion, deg K; 

cp — specific heat of gas at constant pressure.
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After expansion in the nozzles the gas flows with a certain 
velocity through the passages of the moving blades where its 
kinetic energy is converted into the mechanical energy of turbine 
disk rotation. This process takes place with a loss of part of the 
kinetic energy due to hydraulic resistance when the gas flows 
through the blades. The power developed by the gas turbine is

used for driving a generator and 
a compressor:

Kg= N tar - N com, (6-93)
i.e., the generator rating (the 
power output of the gas turbine 
set) will be less than the total out
put of the turbine by the power 
consumed by the compressor.

3. Heat Cycles

Gas turbines with a constant 
pressure in their combustion cham
bers work according to a modified 
Brayton cycle. A Brayton, or 
ideal, cycle of a gas turbine with 
p =  const is shown, in a T-s dia
gram below (Fig. 248) and con
sists of two constant-pressure and 
two adiabatic lines. Adiabatic 
compression in the compressor fol
lows line 1-2 and adiabatic expan
sion in the turbine goes on along 
line 3-4.

Due to the diversion of constant-pressure lines with an increase 
in temperature of a gas the temperature drop in expansion will 
be greater than the temperature rise in compression.

The work of compression in the compressor will be

Fig. 248. Theoretical (1-2-3-4-I) 
and actual (1-2'-S'-4'-1) cycles of 
gas turbine with regeneration, with 
account of losses in gas and air 

ducts .

(tr-']kg-m. (6-94)

Correspondingly, the work done in the turbine by the expand
ing gas can be expressed as

ft —1 P - P  3[-(#] kg-m (6-95)

(the subscripts of p and v correspond to the points in the T-s dia
gram).
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In constant-pressure process 2-3 the gas receives heat amount
ing to

Qi =  cp{Tz — T2) kcal/kg, (6-96)

where T3 and T2 =  absolute temperatures, deg K.
The work done in compressing the air in the compressor will 

be, in thermal units,
ALcom =  cp{T2 — T,) kcal/kg. (6-97)

The work of gas expansion in the turbine can be found from 
the formula

A L,ur =  cp (T3— T4) kcal/kg. (6-98)
The thermal efficiency of an ideal gas turbine cycle is

cp ( T 3 ■ T t) cp (T 2 7"|)
V,=

ALtqr A L com

cp ( T  3 — T  2) (6-99)

A-l
Since -p- =  y 1- — { j f )  * ’ ^ en designating —- =  & and — y 1 ■ 
=  /re, the thermal efficiency after simplification will be

,I /=  ! — -pa • (6- 100)

Thus, the thermal efficiency of an ideal gas turbine cycle de
pends only on the pressure ratio in the compressor and the adia
batic exponent and does not depend on the cycle temperature. 
The thermal efficiency of an ideal cycle grows with an increase 
in the pressure ratio.

The useful work of a gas turbine installation without account 
taken of the losses in the turbine and compressor will be, in ther
mal units:

ALinst -  cp ( r 3 -  T4) -  cp (T2 -  7\) =

(6- 101)

In an actual cycle of a gas turbine installation the process of 
compression in the compressor and the process of expansion in 
the turbine are both polytropic due to inevitable losses when the 
air and gas flow through the nozzles and blades. Besides, a cer
tain reduction in gas pressure is caused by hydraulic losses be
tween the compressor and the turbine, as well as at the turbine 
exit. For this reason the actual cycle is shown by line l-2'-3'-4'-l 
(Fig. 248).
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Now let us denote the relative internal efficiency of the turbine 
as r\tur and .the relative internal efficiency of the compressor as 
riCOm. The absolute internal efficiency of a gas turbine installation 
following an actual cycle will be * 1

Hturttar
Vu

Hcom
Vcom

cp (7*3 7 * 0  Vtar— Cp ( 72 —  T | )

cp ( T  3 — ^ 2)

"̂com (6- 102)

where Hiur and Hcom =  adiabatic heat drop in the turbine and rise
in the compressor.

Substituting the temperature differences with the pressure ratio 
in the cycle, we get

(6-103)

P k   \
Assuming — = e  and —j — = m as above and denoting the

Tboundary temperature ratio in the cycle we obtain:

Vinsl '
1 — (Em — 1)

(6-104)
1) com

Fig. 249 contains curves showing how various parameters of 
a cycle change with the pressure ratio at definite temperatures of 
the air at the compressor inlet and of the gas at the turbine 
entrance.

The optimal pressure ratio of a cycle giving the maximum use
ful work can be obtained from the expression of the thermal effi
ciency of an installation. In this case the first derivative of the 
numerator in respect to the pressure ratio e should be taken equal 
to zero and the resulting equation solved for eop*.

It is easy to see upon analyzing the nature of the curves in 
Fig. 249 that the maximum useful work of an installation
| Hturf\tur — Hcom~ -̂—) does not coincide with its maximum effici
ency r]ins(. In other words, to obtain the maximum absolute inter
nal efficiency another pressure ratio, differing from the one pre
viously obtained according to the maximum thermal efficiency, 
should be selected. The optimal pressure ratio resulting in the
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highest efficiency of an installation will be somewhat greater 
than the ratio at which the maximum useful work of the installa
tion is obtained.

The gas temperature at the turbine entrance and the efficiencies 
of the turbine and the compressor have a great influence on the 
efficiency of a gas turbine installation. An increase in the rela
tive internal efficiency of the turbine and the compressor leads 
to a higher efficiency of the gas turbine installation and a simul
taneous increase of the optimal pressure ratio. In modern gas tur
bine installations the relative internal efficiencies of the turbine 
and the compressor approach 0.86 to 0.92.

Fig. 249. Heat changes in compressor and turbine, and installation efficiency 
against pressure ratio in gas turbine installation

The optimal pressure ratio depends first of all on the tempera
ture of the gases at the turbine entrance and increases with a rise 
in this temperature.

The cycle of a gas turbine installation can be made to consider
ably approach the Carnot cycle if compression in the compressor 
and expansion in the turbine will follow processes 'that are close 
to isothermal ones and if the heat of the turbine exhaust gases is 
used to the maximum possible degree for heating the air after the 
compressor, i.e., if heat regeneration will be employed.

Fig. 250 contains a diagrammatic view of a gas turbine instal
lation in which the turbine exhaust gases still having a quite high 
temperature are directed to a heat regenerator in which they heat 
the air delivered from the compressor. In other respects this in
stallation does not differ from the one described above.



Fig. 250. Gas turbine installation with heat regenerator
7 —compressor; 2-generator;  3 - low-pressure gas turbine; 4 — high-pressure 

5  combustion chamber; o — lieat regenerator gas turbine;
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Line 2-5 in the diagram of this cycle (Fig. 251) depicts the 
process of heating the air in the regenerator, and line 4-6 shows 
the cooling of the turbine gases.

The relation

is known as the regeneration fraction. In an ideal cycle with re
generation the temperature of the air after the regenerator T5 will 
be equal to that of the gases discharged from the turbine T4. and

Fig. 251. Cycle of gas turbine 
installation with regenerator

Fig. 252. Curves of turbine effi
ciency against pressure ratio for 
various initial temperatures of 

working fluid

the temperature of the gases after the regenerator will be equal 
to that of the air after the compressor. In this instance the regen
eration fraction will be unity. In practice the regeneration frac
tion is selected from 0.70 to 0.85. With an increase of this fraction 
the heating surface of the regenerator grows and the gas turbine 
becomes bulkier.

The absolute internal efficiency of an actual cycle in an instal
lation with regeneration is

Unslo^O
H t u r ^ tu r

t~tcom
com

reg (6 - 106)

where Qreg = amount of heat rejected to the air in the regenerator. 
The use of regeneration considerably improves the performance

25—814
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of a gas turbine installation. For this reason it is expedient to 
employ hegt regeneration within certain optimal limits in all types 
of gas turbines, including installations used for propelling 
vehicles.

If the regeneration fraction were a = 1, then the efficiency 
would be

"*1Inst' 10=1
Ein

t̂ur^com (6-107)

The pressure ratio of a cycle with regeneration is lower than 
in a simple cycle. In particular, when a =  0.5 the optimal pres
sure ratio of a cycle will be

Zopt-lnst =  V ̂turVcom- (6-108)
It is also necessary to take into account the pressure drop 

(hydraulic losses) when the air and working fluid flow through 
the pipes between the compressor, combustion chamber and tur
bine, and through the heat regenerator, combustion chamber, cool
ers, etc. Finally the efficiency of a turbine installation is influenced 
by the heat losses in the combustion chamber (incomplete chem
ical or mechanical combustion, losses to the ambient air). Thus, 
to determine the actual efficiency of a particular gas turbine in
stallation it is necessary to take into account the influence of all 
these factors.

If isothermal compression and expansion are ensured in a gas 
turbine cycle with regeneration (when a — 1.0), the thermal effi
ciency of the cycle will be equal to that of the Carnot cycle.

Isothermal compression could be ensured in a compressor pro
vided that during the compression cycle continuous cooling, i.e., 
continuous heat rejection from the compressed air be employed. 
This is impossible in practice. The use of stage cooling in com
pressors is a certain approximation to isothermal compression.

It is expedient theoretically to perform the expansion process 
along an isothermal line, i.e., at constant temperature at the en
trance and exit of the turbine passages.

Sometimes intermediate combustion chambers (one or two) are 
used in actual installations for increasing the temperature by 
stages. This results in a certain approximation of the expansion 
process to an isothermal one.

Usually intermediate heating is practised in gas turbines si
multaneously with regeneration. The employment of only reheat
ing gives a certain increase in the power output of the machine, 
but without any noticeable increase of the efficiency.

The efficiency of gas turbine installations (mainly stationary 
ones) is usually increased by the simultaneous use of both inter-
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coolers between the compression stages in the compressor and in
termediate reheating during expansion in the gas turbine. Most 
frequently not more than one intermediate combustion chamber 
and two intercoolers are used. In such cycles regeneration is 
extremely advantageous.

Gas turbines following this cycle may be designed as dual
shaft machines, the high-pressure compressor and the generator 
being driven by the high-pressure turbine, and -the low-pressure 
compressor by the low-pressure turbine.

The most important factor for increasing the performance of 
modern gas turbine installations is the employment of high-tem
perature cycles. The efficiency of an installation is also influenced 
by a reduction in the temperature of the air at the compressor 
inlet. Even upon an insignificant reduction in the ambient air 
temperature at the compressor inlet the lower specific volume and 
higher specific weight of the air will reduce the power required 
for its compression and correspondingly improve the power out
put and the efficiency of the installation. When an installation is 
being designed it is necessary, therefore, to take into account the 
average and the minimum air temperatures of the locality. At 
low ambient temperatures gas turbines have a high performance.

From the equation for the efficiency of a gas turbine installa
tion it can be seen that the efficiency both of the turbine and the 
compressor noticeably influences the performance of the installa
tion. The turbine and compressor efficiencies depend first of all 
on the degree of perfection of the air and gas passages and on 
the magnitude of the resistance to the gas flow through the blades 
of the turbine and compressor stages.

Fig. 252 contains curves showing the change in the efficiency 
of gas turbine installations with different gas temperatures at the 
turbine entrance. Both the efficiency and the optimal pressure ra
tio increase with a rise in the temperature.

4. Efficiencies of Gas Turbine Installations
The thermal efficiency of an ideal gas turbine installation cycle 

can be found from formulas (6-99) and (6-100), while the internal 
efficiency of an actual cycle is determined from formula (6-103) 
or, with regeneration, from formula (6-106).

The overall efficiency of the installation is

cp  (T j  —  Tt)-r\tur -  ( T2 T\)______________ worn ______
‘P i T 3 - T d - c pa(T'4 - T $

(6-109)

where T2 =  temperature at the end of polytropic compression.

28*
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To find the effective efficiency of a gas turbine installation 
account mp'st be taken of the losses in the combustion chamber 
due to incomplete chemical and mechanical combustion and of the 
mechanical losses. The latter include power losses due to friction 
in the turbine and compressor bearings, for driving the fuel pump 
and other auxiliary devices, losses for driving the control system, 
in the reduction gear, etc.

The effective efficiency of a gas turbine installation with account 
taken of these losses is

ns t e f f  rlinst',1‘coinb~rlmi (6-1 10)
where r\m =  mechanical efficiency of the gas turbine installation.

In the gas turbine installations of electric power stations the 
losses in the generator should also be considered:

rhnsl-s  =  yiinst\om brl m \ ■ (6-111)
When designing gas turbine installations it is necessary first 

of all to select, depending on the designation of the machine and 
the desired performance, the type of installation and to plan the 
heat flow and cycle to be employed. After this has been done it 
will be possible to determine the overall efficiency of the installa
tion, the optimal pressure ratio in the cycle and other parameters 
required.

5. Constant-volume Combustion Gas Turbines
In constant-volume combustion gas turbines the combustion pro

cess in the chamber goes on at constant volume. This leads to 
a considerable pressure rise in the combustion chamber. Such 
turbines follow the Humphrey cycle.

Fig. 253 shows an elementary diagram of a constant-volume 
combustion gas turbine installation. Combustion chamber 5 is pro
vided with three valves. Air from the compressor enters the com
bustion chamber through valve 4. After the chamber is filled 
valve 4 closes and a definite portion of fuel is fed in from tank 1 
by pump 2 through valve <?, which then closes.

The fuel mixture formed in the combustion chamber is ignited 
by means of a spark plug. Combustion goes on at a constant 
chamber volume since valve 6 remains closed. In a short period 
the pressure in the chamber increases several times, causing valve 
6 to open, and the gases flow at a high velocity to the turbine 
nozzles. The pressure in the chamber drops quite rapidly resulting 
in a varying pressure at the turbine nozzle entrance. After the 
pressure "drops in the chamber valve 4 opens again and the cham
ber is scavenged. From chamber 7 the scavenging air flows through
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the gas turbine and cools its working elements (blades, disk), 
then valve 6 closes, a new portion of fuel is injected and ignited, 
and so on, the combustion cycles being continuously repeated.

The duration of combustion in the chamber is 0.8 to 1.4 seconds. 
Thus, up to 60 or even more fuel combustion cycles are completed

Fig. 253. Constant-volume combustion gas turbine installation

in one minute. Due to the high temperature of the gases leaving 
the combustion chamber, the design of gas turbines must be as 
simple as possible and ensure cooling of all parts heated to high.

Fig. 254. Gas turbine constant-pressure cycle in p-v and T-s coordinates

temperatures. The gases flow out of the combustion chamber at 
varying pressures, causing the velocity of the gases in the turbine 
nozzle to vary, which will reduce the efficiency of the turbine.

Fig. 254 contains a constant-volume cycle in p-v and T-s coor
dinates. The thermal efficiency of the constant-volume combustion 
cycle is
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where Q2 — cp(T4— 7'1) =  heat losses with the exhaust gases;
Qi f== cv {Tz — T,) =  heat evolved upon combustion of the 

fuel.
If we denote —  =  e and —  =  e , then 

Pi P  2

Pi  _ _  T 2 
Pi

or

Since
Tj_
Tt

then

T\_ J \__
T  i T  3 “

E™
T

where m k — l
k and t

£V

em
x

( I l \ ( lL \m~l
T i 7*2 \ Pi )  I P i  / I P i )

h
Tt )

(6-113)

The thermal efficiency of the cycle increases with a rise in the 
pressure ratio e, this increase being especially rapid for low pres
sure ratio values. As the pressure ratio grows the thermal effi
ciency of the Humphrey cycle approaches that of the Carnot cycle 
as the limit.

With account taken of r]tur and r]com the internal absolute effi
ciency of an actual cycle of a constant-volume combustion gas tur
bine is (without account taken of the pressure losses):

H / u r ' I t u r  f ^ c o m  ~

*!/«, = ----------- Qt----- (6-114)

where Qi =  cv(T3— T2);
T'2 — final temperature of the air at the compressor outlet 

in polytropic compression.
Due to the variable pressure in the combustion chamber the 

heat drop in the gas turbine HtUT will also vary, which should 
be taken into account when determining the available work.

6. Closed-cycle Gas Turbine Installations
Fig. 255 contains a schematic diagram of a closed-cycle in

stallation.
The working fluid, which may be either pure air or any other 

gas, flows from the compressor through regenerator 7 and thence 
into air heater 3. The air heater is provided with combustion
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chamber 4 where practically any fuel can be burned, be it gaseous, 
liquid or pulverized solid fuel.

The working fluid flows from the air heater to gas turbine /, 
where upon expanding it performs work, driving generator 5.

A turbine installation can be designed with one, two or three 
cylinders. In the last two instances the working fluid before the 
following turbine may be reheated to the initial temperature in. 
a special heater located together with the main air heater.

Fig. 255. Diagram of closed-cycle gas turbine installation

After the turbine the gas flows into regenerator 7 where it gives 
up its heat to the working fluid flowing in from the compressor. 
The gas leaving the regenerator flows through special intercool
er 6 where its temperature is lowered almost to the ambient tem
perature. Next the working fluid is again sucked in by the com
pressor. Usually the compressor is provided with one or several 
intercoolers 6, which ensures a higher output of the compressor. 
The compressed working fluid then flows, as described above, 
through the regenerator, etc. Thus, with a constant turbine power 
output the volume of working fluid circulating in the installation 
is also constant. Since the closed cycle does not differ in prin
ciple from the open one the equations deducted for determining 
the efficiency of an installation and the optimal pressure ratio in 
an open cycle may also be used for the closed cycle.

In a closed-cycle turbine the working fluid is usually sucked 
into the compressor at above-atmospheric pressures. If the pressure 
ratio of the cycle is taken into consideration the pressure of the 
working fluid at the turbine inlet will be correspondingly higher..
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At higher pressures heat exchangers function more efficiently, 
since the 'Heat-transfer coefficient in a gas-air flow depends on 
the product of the flow velocity and the pressure. In closed-cycle 
installations the air heater is the most bulky part. In existing 
closed-cycle installations the efficiency reaches 0.32 and even 
more. Due to the high pressure used in closed-cycle installations 
the dimensions of the turbine, compressor and regenerator are 
noticeably reduced.

To decrease the overall dimensions of a gas turbine installation 
by eliminating the cumbrous air heater,'there have been developed

W atasisz
—(?>*—

:Fig. 256. Diagram of semiclosed-cycle gas turbine installation (Westinghouse)
i - g a s  turbine; 2 — compressor; 3 — generator; 4 —cooler; 5 — regenerator; 6 — combustion 

chamber; 7 — auxiliary compressor; —auxiliary turbine

several designs of gas turbine installations following the so-called 
semiclosed cycle. Fig. 256 shows a semiclosed-cycle turbine in
stallation designed by the Westinghouse Co. of the U.S.A. The 
working fluid (mixture of air and combustion products) flows 
from compressor 2 at a pressure of 40 atmospheres to regenera
tor 5 and then to combustion chamber 6, into which gaseous or 
liquid fuel is fed. Additional fresh air is delivered to the combus
tion chamber at the required pressure from compressor 7 having 
a relatively low output. The mixture of combustion products with 
considerable excess air is directed to gas turbine 1, where it ex
pands, as shown in the diagram, to about 10 atmospheres. Thus, 
the pressure ratio in the cycle is four. After the turbine part of 
the exhaust gas is directed to auxiliary gas turbine 8 driving 
auxiliary compressor 7. Most of the gas flows after the main 
turbine through the regenerator, cooler 4 and again enters main 
compressor 2. Generator 3 is mounted on one shaft with com
pressor 2.
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The advantages of closed-cycle installations are used to a cer
tain extent in the machine under consideration, but no cumbrous 
air heater is required. On the other hand, the installation is made 
more complicated by the auxiliary turbo-compressor supplying the 
additional fresh air for combustion. The auxiliary turbo-compres
sor unit can work with a variable output, which is used to control 
the power output of the entire gas turbine installation.

Closed- and semiclosed-cycle installations can be designed with - 
a high power output, over 100,000 kw per installation. A quite 
high efficiency can be obtained in closed-cycle installations. When 
the initial temperature of the working fluid and the efficiencies 
of the turbine and the compressor in semiclosed-cycle installa
tions are equal to those of open-cycle installations, their perform
ance will also be the same.

In some gas turbine installations free piston compressors and 
gas generators are used. The upper part of the general cycle in 
these machines (see the cycle in p-v coordinates) goes on in a re
ciprocating compressor at a high temperature. The gas partly ex
panded in the piston chamber enters the gas turbine at a reduced 
temperature; the entire output of this turbine will be the useful 
output of the installation. Such a cycle will have a sufficiently 
high efficiency. At present constant-pressure combustion open- 
cycle installations are the ones most widely used. They are em
ployed in stationary plants, ships, locomotives and aircraft.

7. Cycle Diagram Calculations
When a gas turbine installation for any application is being 

calculated for a given power output it is necessary first of all to 
select the type of installation, the operating conditions and duty, 
the fuel to be used and determine the initial data for the follow
ing detailed calculations.

The temperature of the working fluid may vary from 700 to 
850 deg C. For high-output installations it is expedient to em
ploy regeneration, compressor intercooling and intermediate com
bustion chambers during expansion. Although these measures 
raise the efficiency of the installation, they make it bulkier, in
crease its cost, make operation complicated and reduce its reli
ability in operation. All these factors should be carefully 
weighed when selecting the design and cycle of a gas turbine 
installation.

First of all a diagram of the installation should be worked out 
and the possibility and expediency of making it more complicated 
to improve efficiency should be investigated. A single-shaft or a 
multiple-shaft arrangement can be selected. After the diagram to
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be followed has been worked out the turbine cycle is plotted in 
T-s coordinates.

In gas turbine installations the excess-air coefficient is deter
mined for the working fluid after the combustion chamber from 
the heat balance in the combustion chamber and the established 
temperature of the gas before the turbine. The excess-air coeffi
cient is selected as a rule from 3 to 5 and as a result the com
bustion products constitute a negligible part of the working 
fluid before the turbine. The following average values of the spe
cific heat may be taken for compression (at absolute tempera
tures from 200 to 600 deg) in the compressor:

cp =  0.243, £ =  1.393, — - =  0.282, -— - =  3.546,

and for expansion (at absolute temperatures from 600 to 1200 deg) 
in the turbine:

cp =  276, £= 1 .3 3 , -— - =  0.248, T ^r r  =  4.032.

A simple cycle with regeneration may be calculated in the fol
lowing sequence. First establish the gas temperature t3 at the 
turbine entrance and the air temperature before the compressor, 
which is taken equal to the ambient temperature. If the relative 
internal efficiencies of the compressor and the turbine are also 
selected, then the optimal pressure ratio for the cycle under con
sideration can be determined from the formulas given above. The 
regeneration fraction is selected depending on the planned per
formance of the installation and its application. The temperature 
of the air after the compressor is obtained from the following 
expression:

k-1
T2 =  Tt ( f - j  k = 7 > " \  (6-115)

where Tz = temperature at the end of adiabatic compression.
Thus, for an adiabatic temperature rise in the compressor

AT com= T i — T \ .  (6-116)
With account taken of the compressor efficiency the actual tem

perature drop will be
A T'

=  (6-117)
ricom

Hence,
T'2= T x̂ b .T 'com and T2=  7'1 +  A7’com, (6-118)

where T2 = temperature at the end of polytropic compression.



GAS TURBINES 443

The adiabatic heat drop in the compressor is
H'C0m.aa =  cp{T'2— T^. (6-119)

The actual heat drop is
=  (6- 120)

The power in kw required to compress 1 kg of air in the com- . 
pressor per second is

Nc, 3 ,6 0 0  1 1
860 Hcom.ad ^  ,)m (6- 121)

where r\m = mechanical efficiency of the compressor (about 0.98).
The temperature of the working fluid at the turbine exit with 

adiabatic expansion is
k- 1

T'A =  T*[ j^  * . (6- 122)

The adiabatic temperature drop of the gas upon expansion in 
the turbine is

*Ttur.ad =  T3— T l  (6-123)
The actual temperature drop is

^ t u r = ^ tur.ad^ ,  (6-124)
The adiabatic heat drop upon expansion of the gas in the tur

bine is
Htur.ad =  Cp(T3— T^). (6-125)

The actual heat drop will be
H i* =  CP(TZ -  Td  =  Htur.ad\u, ( 6 -  1 2 6 )

The output developed in the turbine upon the expansion of 1 kg 
of working fluid will be

=  V .  kw. (6-127)

For designing a gas turbine installation the turbine power out
put and compressor output will be

=  w  (°« +  ° / )  (6-128>
AT 3 ,6 0 0

8 6 0 G„H„ l
ĉom̂ m (6-129)

where Ga =  rate of air flow, kg/sec;
Gy =  fuel consumption, kg/sec.
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The useful or shaft power output of a gas turbine installation is
N inst =  N tur- N com. (6-130)

The theoretical amount of air required for fuel combustion is 
determined in the ordinary way depending on the kind of fuel and 
its chemical composition.

If a gas turbine installation is being designed with regenera
tion the temperature of the air after the regenerator can be deter
mined from the equation

r 5= r 2  +  ° - - ° / 2)C'; n . (6-131)
p g

Thus, the air enters the combustion chamber with the temperature 
T 5 . The equation of the heat balance of a combustion chamber is

O f  ( Q i  t i c  +  cp. f t f )  +  GacP. ah =  (Ga -\~G/) cpg t3, (6-132)

where 0 /  =  fuel consumption, kg/sec;
G a  =  air consumption, kg/sec;
QrL — lotver heating value of fuel, keal/kg; 

c.u a =  specific heat of air at pressure p2 and temperature 
U after the compressor;

\  =  efficiency of combustion chamber (about 0.98); 
cp.g== specific heat of the working fluid (gas) at the com

bustion chamber outlet at temperature t3\ 
c p . f  and t f —  specific heat and temperature of fuel.

The rate of air flow is

Ga =  Gf QW +  cP ftf-cPtr 'a

On the other hand,
r t __ C tP g 3 LP a 5

G a  =  G  p . 2 ^ { a  or G r
G„

(6-133)

(6-134)

where z0 — theoretical amount of air, st m3/kg, 
~\a =  specific weight of air, kg/m3.

The amount of working fluid is
Q g  =  G a  +  Q f

and the excess-air coefficient will be

Q TL ri c J r cP. f t f  —  cP. g t 3 

Z 0l a  ( CP g *3 CP-a*s)

(6-135)

(6-136)



GAS TURBINES 445

The equation of the power output of a gas turbine installation is 

N last =  ^  [(<?„ +  Gf) Htun twT\m -  GaHcom —  • (6-137)

Substituting Gf with azoTa 
1

we obtain

N inst  860 Hcan -team Vm\ '  (6 "138)

whence the rate of air flow necessary to ensure the power out
put is

=  p 0 0  +  — ] kg/sec.
(6-139)

When calculating a cycle the pressure losses in the air and gas 
passages of the turbine should also be taken into consideration. 
In the calculations of the compressor the amount of air previously 
determined is usually increased by from 1 to 2 per cent to account 
for the losses through the glands, the air consumption for cool
ing the turbine blades and disks, etc.

The efficiency of the installation following the cycle under con
sideration is

__ 860 N inst 
Vlnst 3,600 Gf QTL ' ( ‘ )

The rate of air flow per unit of power output of the installation 
will be

° ‘3'600 kg/kw-hr.I. N,inst

The fuel consumption per unit of power output is
3,6000, 

b =  —r?----- kg/kw-hr.Niinst

The rate of heat flow per unit of power output will be 

3,6000/02
N.inst

kcal/kw-hr.

(6-141)

(6-142)

(6-143)

The power output ratio is
N:„
NtUT

a (6-144)
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8. Compressors
i

Axial, centrifugal, mixed-wheel and other compressors are used 
to compress the air in gas turbine installations. Multistage axial 
compressors are the ones most widely used in stationary installa
tions since they ensure a high pressure ratio e = —- at an effi
ciency T\com = 0-84 to 0.86. Fig. 257 depicts an axial compressor. 
The rotor of the compressor is of the disk type. The moving blades 
are installed in a way that makes possible changing of their 
angle in respect to the axial flow.

In case of a sharp change of the pressure in the discharge 
chamber or a reduction in the output to 75-90 per cent at a con
stant speed stalling or pumping may take place. If pumping oc
curs in the last stage it spreads rapidly to the preceding stages, 
after which the head in the middle stages may be restored and 
then reduced once more, etc. Pumping results in a very loud noise 
and vibration of the compressor, and in a sharp reduction of its 
output.

The efficiency of a compressor depends on the angle between 
the direction of flow and the centre line of the compressor (angle 
of attack), the velocity and density of the flow and the dimensions 
of the passages. The output, pressure ratio and efficiency of a 
compressor depend on the compressor speed and the nature of 
the flow through the machine.

In aircraft gas turbine installations centrifugal compressors are 
also employed. One stage of a centrifugal compressor gives a 
pressure ratio equal to that of several stages of an axial com
pressor; the efficiency of modern centrifugal compressors averages 
0.8 and even more. The pressure ratio and efficiency of centri
fugal compressors are mainly improved by proper air supply to 
the suction end (uniform filling of the entire throat section), 
correct shaping of the channels and the diffuser at the discharge 
end after the impeller passages. In some designs the pressure 
ratio in one stage may reach six.

The adiabatic efficiency of a compressor will be

4com.ad
T, (cm- l )  

T,2 - T l (6-145)

It is convenient to compare compressors of various designs 
by the magnitude of their polytropic efficiency

k — 1
^ com.pol k (6-146)



Fi
g.

 2
57

. 
D

ia
gr

am
 o

f 
ax

ia
l 

co
m

pr
es

so
r



448 TURBINES

9. Gas Turbine Design
Gas turbines are similar to steam turbines in design and con

sist of a rotor in the form of a drum, a one-piece forged rotor or 
disks with moving blades assembled on a shaft and a stator 
comprising a' stationary turbine casing in which the guide vanes 
or nozzles of the turbine are secured. On top of the casing at the 
front part of the turbine the governing device is located.

The moving blades and the guide vanes can have the same 
profile.

The main difference between gas turbines and steam turbines 
is the absence in the former of valves between the compressor 
and the turbine with the accompanying pressure losses. Besides, 
lower heat drops are utilized in gas turbines than in steam tur
bines even at high initial temperatures. For this reason the num
ber of stages in gas turbines is usually lower, the blade height 
is considerable from the first to the last stage. Gas turbines even 
with a high power output are quite compact machines.

At present mainly open-cycle gas turbines are being manufac
tured with an output varying from 500-1,000 to 50,000 kw and 
higher in one unit. In the future the power output of gas turbines 
will approach that of their steam counterparts.

The maximum output of a gas turbine grows with an increase 
in the initial gas temperature at the turbine entrance and the 
corresponding increase in the optimal pressure ratio in the com
pressor. In closed-cycle gas turbine installations higher outputs 
are possible due to the higher pressure of the working fluid cir
culating in the system.

Fig. 258 shows the high-pressure cylinder of a two-cylinder gas 
turbine with an output of 12,000 kw. The high-pressure cylinder 
of this type JIM3 gas turbine consists of five and the low-pressure 
cylinder of three pressure stages. The gas turbine installation is de
signed for operation at an initial gas temperature of 650 deg C and 
a pressure of about 4.2 ata. The rated effective efficiency of the in
stallation is about 0.25 with an additional intermediate sombustion 
chamber being used between the turbine cylinders in which the term 
perature of the working fluid is again brought up to 650 deg C.

The rotors of both cylinders are designed in the form of drums 
made up of disks welded along their rims. Such a design ensures 
a high strength of the rotor and a lower weight in comparison 
with one-piece forged drums. The first stages of the cylinder are 
cooled by the compressor air delivered through labyrinth seals 
to the tail ends of the first row of moving blades.

Fig. 259 shows a longitudinal section of a gas turbine installa- • 
tion consisting of a multistage axial compressor, six combustion
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chambers arranged around the shaft axis and a two-stage gas 
turbine. The turbine exhaust tube contains annular guide baffles 
that reduce pressure losses with the exhaust gases. The turbine 
power output is 5,000 horsepower when working at an initial tem
perature of 760 deg C and 6,700 rpm.

In gas turbine installations the controls should ensure stable 
operation at all rated duties (control statics) and maintain a defi
nite turbine speed when changing the duty (control dynamics).

i------------ 1

Fig. 258. Type 7IM3 high-pressure gas turbine (longitudinal section)

Gas turbine installations differ from the ordinary type of steam 
power plants in having no accumulators of the working fluid (in 
open-cycle installations) and the power output is regulated by 
changing the amount of fuel burned, i.e., by changing the param
eters of the gas at the turbine entrance. In this case the regu
lator actuates devices controlling the supply of fuel to the com
bustion chamber. With a change in the amount of fuel supplied 
the temperature of the working fluid will change correspondingly.

After the last world war gas turbines found an especially broad 
application in high-speed aircraft and highly perfected designs of 
gas turbo-jet engines have been developed. A jet engine is shown 
diagrammatically in Fig. 260. Turbo-jet engines are installed 
either in the fuselage of a plane or are suspended under its wings. 
Turbo-jet engines consist of an inlet diffuser into which atmospher
ic air enters when the plane is flying, an axial or a centrifugal 
compressor where the air is compressed in accordance with the 
optimal pressure ratio, combustion chambers, a gas turbine driv
ing the compressor and a propelling nozzle for reaction propulsion.

29-814





29*

Fi
g.

 2
60

. 
Tu

rb
o-

je
t 

en
gi

ne
 

ce
nt

ri
fu

ga
l 

co
m

pr
es

so
r; 

2
-g

as
 t

ur
bi

ne
; 

^-
pr

op
el

li
ng

 n
oz

zl
e



4 5 2 TURBINES

In the gas turbine the working fluid expands to a pressure no
ticeably greater than the outside one. The whole output of the tur
bine* is used to drive the compressor. In the propelling nozzle the 
gas expands to the outside atmospheric pressure and flows out 
of the nozzle at a high velocity creating a reaction thrust or the 
thrust of the plane. The thrust developed by a jet engine can be 
obtained from the formula

R =  ^j{cn — v) +  Fn{pn— pa) 104 kg, (6-147)

where v =  speed of the plane, m/sec;
cn ■= velocity of the gas at the propelling nozzle exit, 

m/sec;
G =  rate of gas flow through the turbine and the propel

ling nozzle, kg/sec;
Fn =  outlet area of the propelling nozzle, sq cm; 

p n and p a =  static pressure at the propelling nozzle exit and out
side air pressure.

If the gas expands in a propelling nozzle to a pressure equal
ling the outside one the last term of the above formula is elimi
nated.

To rapidly increase the thrust of a turbo-jet engine additional 
fuel is burned in the chamber of the-propelling nozzle after the 
turbine.

In aviation gas turbines are also used to rotate propellers when 
planes are designed to fly at speeds permissible for propeller 
thrust.

10. Materials for and Cooling of Turbine Blades and Disks

Turbine blades and disks which work at high temperatures and 
are subjected both to aerodynamical loads and to exceedingly 
high stresses caused by centrifugal forces are made of special 
high-strength and heat-resisting grades of steel or alloys. In all 
materials working at high temperatures the strength sharply de
creases with an increase in the temperature, and the creep rate 
grows, this determining for each material the highest temperature 
at which it can be used. Turbine materials should have good 
working (cutting, welding, forging) properties and resist corro
sion and erosion. After forging turbine disks are machined. Mov
ing blades are manufactured by forging and machining or by the 
precision-casting method. Alloys with a high permissible stress 
and a low creep rate, usually chrome-nickel steels, are used for 
iurbine blades. Sometimes cobalt is added instead of nickel. Insig-
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nificant quantities of other metals are always included in all the 
alloys.

Metal-ceramic alloys have been developed in powder metal
lurgy for moving blades. Some of these alloys have been success
fully employed for the moving blades of turbines with initial tem
peratures ranging from 1050 to 1100 deg C.

When designing gas turbines for work at temperatures over 650 
to 750 deg C it will be good, and sometimes even very necessary, 
to provide for artificial cooling of the parts heated the most (mov
ing blades, disks, turbine casing). There are several methods of 
cooling the working blades with the aid of cooling liquid or air 
flowing through hollow blades or over the blade surface, namely:

1. Internal liquid cooling, when the coolant is fed through holes 
drilled in the shaft and disks to the blades, flows through passages 
in the body of the blades and returns through the shaft for cooling 
in the cooler. This method requires a liquid with a high heat capac
ity in order to ensure a high coefficient of heat transfer from 
the body of the blade to the cooling liquid (for example, silica- 
organic compounds, diphenyl, etc.).

2. Cooling by heat rejection to the disk rim with the aid of a 
circulating liquid removing heat from the blade roots. As a re
sult, the lower part of the blade is also cooled to a certain degree 
and, which is most important, the temperature of the disk rim 
and the temperature gradient over the disk radius are reduced.

3. Air cooling of hollow blades, wherein a certain amount of 
air is bled from the compressor interstage and directed through 
the hollow blades. To intensify the cooling process it is good prac
tice to insert a baffle into the hollow blade to direct the air closer 
to the blade walls and increase its churning.

4. Effusion or “sweat" cooling, in which the cooling air fed into 
the blade space flows through the porous blade walls into the 
main flow, getting greatly heated and forming a protective film 
on the blade surface.

5. Cooling of the turbine rotor by rejecting the heat with the 
air circulating in the clearances between the blade root and the 
disk rim, especially when a “herringbone” arrangement of the 
blade roots is used.

When liquid cooling is used with a very large quantity of liquid 
delivered, the turbine blades can work for a certain period at gas 
temperatures close to the melting point of the metal, but this 
method can be used only in turbines of special application with 
a short service life.

In all the methods of cooling turbine blades and disks considered 
above a small part of the turbine output must be used to supply 
the cooling liquid or air at a certain pressure. This should be taken
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into account when the method of cooling is being selected. The 
turbine caging can also be cooled with liquid or air delivered into 
the corresponding spaces of the two-walled casings.

11. Regenerators
To increase the efficiency of gas turbine installations it is good 

practice, as has been indicated above, to employ a cycle with re
generation, i.e., with partial utilization of the heat of the exhaust 
gases for heating the compressed air before it enters the combus
tion chamber. Regeneration is carried out in special heat exchang
ers whose heating surface consists of a large number of tubes, 
usually of a small diameter, or of plates most frequently with a 
corrugated surface. In the latter instance the air being heated 
flows through the cells formed between two corrugated plates. 
The outer surfaces of these cells are heated by the hot gases ex
hausted from the turbine. In tubular heat exchangers the air being 
heated flows through tubes, while the heating gas flows around 
them. Both in tube and plate heat exchangers the heating gas 
rejects its heat to the air through the heating surface with either 
longitudinal flow or cross-flow being used.

The heating surface of a regenerator Fr can be determined from 
the heat-transfer equation

Q =  kFrbT, (6-148)

where Q =  amount of heat transferred through the wall, kcal/hr; 
k =  heat-transfer coefficient, kcal/m2-hr-°C;

AT =  mean temperature difference between gas and air. 
Since the regeneration fraction, as indicated previously, is

0 t 5- t 2
Tt - T t ’ (6-149)

then the amount of heat transferred in the regenerator will be
Q =  cp.gGga (T < ~ T 2); (6-150)

where Gg = amount of exhaust gas.
After a series of transformations a formula is obtained for de

termining the heating surface of a regenerator:

G g cp g
1 — O (6-151)

Thus, the heating surface of a regenerator depends on the coef
ficient of heat transfer from the heating gas to the air being
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heated and on the regeneration fraction. The heat-transfer coeffi
cient in regenerators depends on the air and gas velocities, pres
sures and temperatures, on the direction of the flows in respect 
to the heating surfaces and on the design of the latter.

12. Fuel and Combustion Chambers
In most gas turbine installations liquid fuels are used that are - 

burned without any great difficulty in the combustion chambers 
and the supply of which is easily controlled automatically. In 
stationary installations heavy fuels of the diesel-engine type are 
used. In propulsion installations highly refined kerosene is used. 
A large number of gas turbines use gaseous fuel, either natural 
or generator. Gaseous fuels, especially of improved quality, can 
also be burned with no particular difficulty in the combustion 
chambers of gas turbines. Natural gas is used in gas turbo-com
pressor installations designed to increase the pressure in long
distance gas supply lines. Solid fuels are at present rarely used 
in gas turbines, although there are some stationary and propul
sion gas turbine installations using bituminous coal or peat, most 
of them being experimental machines.

To design combustion chambers is a rather difficult task. The 
combustion process takes place in the chamber at a considerable 
pressure and high air and fuel mixture velocities, with a high 
heat release in the combustion space. The combustion products 
with a high initial temperature are mixed in the chamber with a 
large amount of air to ensure that the resulting temperature of 
the working fluid (the mixture of the combustion products with 
air) will permit normal work of the moving blades and other 
turbine parts.

The volume of the active part of the combustion chamber is de
termined in accordance with the maximum allowable heat release 
(liberation). In stationary gas turbine installations this value 
varies from 6,000,000 to 25,000,000 kcal/m3-hr. In modern propul
sion turbo-jet engines the heat release in the combustion chamber 
may reach 30,000,000 to 50,000,000 kcal/m3-hr per atmosphere. In 
propulsion gas turbine installations, wherein the pressure ratio 
in the compressor may vary to a considerable extent in operation, 
the heat release is usually determined in kilocalories per cubic 
metre per hour per atmosphere, i.e., per atmosphere of pressure 
of the air delivered from the compressor to the combustion 
chambers.

Gaseous fuels are widely used in stationary gas turbine installa
tions. In the Soviet Union the gas obtained in the underground 
gasification of coal is also used in gas turbines. Fig. 261 shows
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a combustion chamber for gaseous fuel. The flame tube is made in 
the form ;of a telescopic tube with annular slots. Secondary air is 
delivered through these slots that scavenges the inner surface of 
the combustion chamber and mixes with the combustion products.

Solid fuel is at present used in the following ways:
(1) direct combustion of pulverized fuel in combustion cham

bers with dry ash or liquid slag removal;
(2) preliminary gasification of the solid fuel in gas generators 

operating under pressure with a steam-air blast;

(3) combustion of fuel in the furnaces of air heaters of closed- 
cycle installations;

(4) combustion of fuel in open-cycle installations with surface 
air heating;

(5) combustion of gas obtained in the underground gasifica
tion of coal.

The greatest difficulties encountered in the direct combustion of 
solid fuel are due to contamination of the combustion products 
with ash and slag particles. Even upon insignificant contamination 
of the working gas an intensive process of erosion goes on in the 
turbine blades, i.e., abrasion of the moving blades by the solid 
particles striking the blade surface at high velocities. At present 
there are several gas turbine locomotives operating on solid fuel. 
The efficiency of these power installations reaches 0.20 to 0.22 and
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more, while the average operating efficiency ranges from 0.12 to 
0.15, i.e., it exceeds that of the best modern steam locomotives 
more than two times.

The rapid and widespread introduction of gas turbines depends 
to a considerable degree on the development of high-quality heat- 
resistant alloys, which will permit to increase the initial gas tem
peratures at the turbine entrance,, and also on the employment of 
effective methods of cooling the blades, disks and other turbine 
parts.



S e c t i o n  S e v e n

HEAT ELECTRIC GENERATING PLANTS

C h a p t e r  I
H E A T  E L E C T R I C  G E N E R A T I N G  P L A N T S

1. Types of Plants
Heat power plants for generating electricity realize in practice- 

the ideal cycles considered previously in Section One (“Engineer
ing Thermodynamics”), namely, the Rankine, regenerative, reheat 
and other cycles. They convert the heat liberated upon the burning- 
of fuel or in nuclear reactions first into mechanical and then into 
electric energy. In the U.S.S.R. over 80 per cent of the total 
electric energy is generated at heat power plants.

In respect to the engines driving the electric generators heat 
power plants are classified into:

(1) steam turbine plants outfitted with turbines ranging from 
low to superhigh capacity;

(2) gas turbine plants (at present the use of gas turbines in 
stationary installations is limited, but the prospects of their em
ployment in plants of medium and low capacity are very promis
ing);

(3) plants with internal-combustion engines;
(4) plants using steam engines and locomobiles.
The latter two types of plants are used only when a low capacity 

is required. It is accepted practice to call all heat power plants 
with generators rated up to 12,000 kw low-capacity ones. Medium- 
capacity plants incorporate electric generators rated from 12,000' 
to 25,000 kw, and high-capacity plants have generators rated over 
25,000 kw.

Modern medium- and high-capacity heat power plants widely 
use steam turbines, which can be designed with large unit ca-
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pacities, and have high cycle efficiencies if steam with high initial 
parameters is used. Steam turbine-generator sets are very reliable 
in service and continuously develop the rated output for many 
thousands of hours with a very high degree of automatization.

Large power plants are simplified and investments are reduced 
by employing unit design, the power plant consisting of independ
ent units, each incorporating a boiler, a turbine, an electric gen
erator and a transformer. In power plants composed of such units

Fig. 262. Schematic diagrams of steam turbine power plants
<l — diagram of plant with separate generation of heat and electric power; ft —diagram ot back
pressure power plant; c — diagram of by-product-type power plant; B — steam boiler; T — turbine; 
S u p  — superheater; G — electric generator; C — condenser; CP — condensate pump; CT — conden
sate tank; FP — feedwater pump; CFP — condensate feed pump; HC — lieat consumer; RCT  — redu-

clngcoollng Installation

the capacity of the boiler must correspond to that of the turbine, 
which reaches about 600,000 kw in some units. This gave impetus 
to the rapid development of superpowerful boiler units. A boiler 
with a capacity of 1,900 t/hr has been erected for operation with 
a 600,000-kw turbine.

In respect to the kind of power produced steam power plants 
are divided into two basic classes: condensing plants producing 
only electric power and extraction or by-product-type plants pro
ducing both electric power and low-potential heat in the form of 
low-pressure steam for various processes or in the form of hot 
water for heating and hot-water supply.

At present most of the steam turbine plants in the U.S.S.R. 
are of the condensing type, but the widespread construction of 
extraction plants is one of the most important features of the de
velopment of electric power plants in the country.

The heat of the exhaust steam of condensing turbines cannot 
be utilized for external needs due to its low temperature. In 
districts served by condensing plants, therefore, either separate
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low-pressure boiler installations located near the heat consumers 
should be;provided or the condensing plant should have equipment 
for the separate generation of heat and of electric power 
(Fig. 262a).

In power plants of the latter type most of the steam generated 
in boiler B is directed to turbine T for the production of electric 
power, while the remaining steam is delivered to heat consumers. 
This method is used when the demand for heat is low, since

/  — wedge valve; 2 — quick-action valve; 3 — throttle valve for flow control; 4 — steam cooler 
with two cooling water jets; 5 —excess-pressure safety valve; 6 —reduced-pressure steam wedge 
valve; 7 — nonreturn valve; ^ - f iow  meter membrane; 9 —automatic valve controlling constant 

rate of cooling water flow; /0 — throttle device; / /  — water gate valve; /2 — diaphragm

the pressure at the boiler must be reduced considerably to that 
meeting the requirements of the heat consumers. For this purpose 
the steam is passed through a reducing and cooling installation or 
unit, for example, of the type shown in Fig. 263.

A reducing-cooling unit consists of reducing valve 3 that low
ers the pressure of the live steam, and water cooler 4. Besides, 
the low-pressure side of the unit is provided with automatic regu
lators controlling the temperature and the pressure of the outlet 
steam, safety valve 5 and drain (water) facilities. From the reduc
ing-cooling unit the low-pressure steam is piped to the heat 
consumers.

If heat is required for district-heating, air-conditioning and 
hot-water-supply systems in which hot water is used as the heat- ■ 
carrying agent the power plant is outfitted with steam surface
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water heaters. A vertical water heater is shown in Fig. 264. It 
consists of a high tank with two tube plates 1 and 3 between 
which straight brass tubes 2 are installed. The water being heated 
flows along the tubes, while the heating steam flows over them 
crossing the tubes three times to improve heat transfer.

The condensate of the steam used both in the turbine and for 
external heat consumers is pumped into a condensate tank 
(Fig. 262a) whence feed pumps deliver it to boiler B through a 
system of heaters (not shown in the diagram).

Diagrammatic views of two variants of by-product-type power 
plants are shown in Fig. 2626 and c, having turbines of the back
pressure and extraction types.

If the load formed by external heat consumers is constant and 
they use all- the steam exhausted from the turbine the power plant 
is outfitted with back-pressure turbines. In such a power plant all 
the steam generated in the boiler is directed to the turbine where 
it expands to the pressure required by the heat consumers. The 
exhaust steam from the turbine is supplied to the consumers. When 
the output of the turbine drops, which is accompanied by a reduc
tion in the rate of steam flow through it, the deficiency in the steam 
delivered to consumers is made up by live steam from the boiler 
passed through a reducing-cooling unit.

In most by-product-type power plants the heat and electric loads 
do not correspond to each other at different periods. In such cases 
these plants are equipped with extraction turbines (Fig. 262c). 
All the steam generated in the boiler flows through the turbine, 
but a certain amount of it is tapped from the low-pressure stages 
for the external heat consumers. The remaining steam flows 
through the low-pressure stages of the turbine and thence into the 
condenser. Thus in plants of this kind electric power is produced 
in two ways: by the tapped steam utilized for the heat consumers, 
as with back-pressure turbines, and simultaneously by the remain
ing steam, as with condensing turbines.

The combined generation of electric power and heat in extraction 
plants results in an increase in the summary heat-utilization factor 
from 2.5 to 3.0 times over the electrical efficiency of a condensing 
plant. In moderate-capacity condensing plants only 25 per cent of 
the heat liberated by the burned fuel is converted into electric 
power, while in extraction plants 15 to 20 per cent of the heat 
produced when the fuel is burned is converted into electric power 
and 40 to 60 per cent is delivered to external consumers. Thus, the 
summary heat-utilization factor of such a plant is about 60 to 75 
per cent, while if all the spent steam is utilized it may reach 88 per 
cent.
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2. Layout and Equipment of Steam Turbine Plants

A modern steam power plant incorporates the following facilities 
and laboratories:

(1) fuel handling facilities for the unloading and storage of 
fuel;

(2) fuel delivery facilities for the transportation of the fuel to 
the boiler house and its preliminary treatment;

(3) a boiler room accommodating the boiler units and all the 
auxiliary equipment necessary for normal operation;

(4) a turbine room containing steam turbines and their auxiliary 
■equipment;

(5) a laboratory servicing all the control instruments and auto
matic devices;

(6) electrical facilities including equipment for the generation, 
■distribution and control of electric power;

(7) a chemical shop engaged mainly in water treatment and 
eontrol of its quality;

(8) mechanical and repair shops serving the power plant.
The boiler units and turbine-generators with their direct auxiliary

■equipment and also the switchgear for the service requirements 
are housed in the main building of the plant.

Realization of the planned thermodynamic cycle requires that 
all the equipment installed in a power plant be linked by a single 
heat distribution system ensuring continuous reliable operation and 
4he lowest possible cost of the power generated at the plant. The 
heat distribution diagram of a condensing power plant with open, 
■or direct-contact, degassing equipment for feedwater treating is 
shown in Fig. 265.

Oxygen of the air and carbon dioxide dissolved in the water 
greatly corrode the metal surfaces of boiler equipment and there
fore before being delivered to the boilers the feedwater is subjected 
4o degassing.

The most widely employed method of degassing is the thermal 
■one, based on the property of a liquid to evolve the gases dissolved 
in it when the liquid is heated to its boiling point.

In thermal degassers the water, divided into streams or films, 
is heated to the boiling point corresponding to the pressure used 
in the degassing device. There are atmospheric-pressure installa
tions in which the pressure is maintained near to atmospheric 
(p = 1.2 ata) and increased-pressure ones (p =  6 ata and above) 
used in high-pressure power plants. A common type of thermal 
■degassing device is an open, or direct-contact, heater made in the 
form of a vertical cylindrical vessel in which the water is divided 
into fine drops while passing through perforated trays (Fig. 266),
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The greater surface of the drops of the water being degassed 
facilitates '^volution of the dissolved gases. The water sprinkled 
out is met by the heating steam mainly tapped from the turbine. 
The gases are exhausted from the upper part of the vessel. A tank 
for collecting the degassed water with a capacity ensuring 20 to 
30-minutes work of the boiler is located at the bottom.

Fig. 265. Heat distribution diagram of condensing steam turbine power plant

Turbine T shown in the diagram (Fig. 265) has three nonregu- 
lated steam taps for regenerative condensate and feedwater heating 
in high-pressure surface heater HI and low-pressure heaters H2 
and H3. The turbine condensate sucked from condenser C by con
densate pump CP flows through four heaters, namely, HE using 
spent steam from the ejector, H3 employing steam from the third 
tap, HP working with steam from the turbine packings and H2 
using steam from the second tap. Next the condensate flows to 
degassing device D. Two-stage ejector E operates with steam from
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the main pipe delivered through branch pipe De. The degassing 
device is supplied with steam from the first tap through reducing 
valve R.

The condensate of the heating steam from heaters H2, HP, H3 
and the first stage of ejector heater HE is pumped by drain 
pump DP into the degassing device; the possibility is also provided

Fig. 266. Atmospheric direct-contact degassing device
7—steam distributing valve; 2 —housing of degassing device head; 3 — gas exhaust; 4 —master 
water distributing valve; 5 —distributing screens; 6 — pressure regulator of head; 7 —degassed 
water tank; 5 —water gauge glass; 9 —water outlet; 76' —feed regulator; 77 —water trap prevent

ing level and pressure rise In the degassing device

for the condensate to flow into condenser C by gravity. From the 
second stage of ejector heater HE the condensate flows into the 
condenser. From high-pressure heater HI the condensate flows 
into the degassing device by gravity.

The heat of the continuous blowdown of steam boilers B is 
employed to heat the feedwater and the treated additional water. 
The blowdown water passes into expansion valve E, whence the 
steam formed is delivered into heater HI and the hot water into 
treated-water heater HT. The blowdown water is then discharged 
through drain Dr.
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The losses of water and steam in the closed steam and watei 
boiler-turbihe-condenser system are compensated by adding watei 
to the system; this water, known as make-up water, is purified in 
the various water-treatment installations located in the chemical 
shop of the power plant. The water-treatment facilities are nol 
shown in the diagram, and only pipe TW coming from them is 
shown, through which softened water passes to degassing device D 
through heater HT. From the degassing installation feedwater is 
sucked in by feed pump FP and is delivered to boiler B through 
heater HI.

Fig. 267. Heat distribution diagram of a steam turbine heating power plant

A heat distribution diagram of a district heating and power 
(extraction) plant is shown in Fig. 267. Turbine T has two regu
lated taps from which steam is delivered to a boiler installation 
for heating the water circulating in the heating system, and one 
nonregulated tap for regenerative feedwater heating in surface 
heater H2.

The boiler installation, which comprises a number of tubular 
water heaters, consists of the following boilers: peak-load PB, 
main MB and water-water boiler WB in which the water is heated 
by the condensate delivered from the peak-load and main boilers. 
The peak-load boiler is supplied with steam from the first tap. 
Besides, the peak-load boiler can be supplied with steam from the 
main pipe through reducing-cooling unit RCU. The main boiler 
receives steam from the second tap. In the boiler system water 
is pumped through the boilers and heat consumers HC by circula
tion pump CP. The spent-steam condensate is discharged from the 
boilers by pump BP and is delivered into degassing device D.

Heating of the feedwater with steam from the ejectors and with 
the continuous blowdown water is not shown in this diagram, 
since it is similar to that shown in Fig. 265.
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To illustrate the arrangement of the equipment in the main 
building of a power plant using pulverized coal Fig. 268 shows a 
diagrammatic view of a steam turbine plant. Fuel is delivered to 
the plant in railway wagons 2, and via unloading device 3 it is 
conveyed either to coal storage piles 1 or to crusher 4. Conveyor c 
delivers the crushed coal to boiler hopper 7. If required, conveyor b 
can deliver coal from the coal storage piles via crusher 4 to 
conveyor c delivering fuel into the boiler hopper. From the hoppers 
the coal is delivered through automatic weighers to mill 6 where

Fig. 268. Diagrammatic view of a steam turbine power plant

it is pulverized. Fan 8 delivers the pulverized coal-air mixture into 
furnace chamber 9 also supplied with hot air from air heater 36. 
Air for combustion is taken in from the upper part of the boiler 
room and delivered by fan 35 to air heater 36.

The combustion products moving under the action of the draught 
as shown by the dotted line in Fig. 268 heat the evaporation tubes 
of boiler 10, steam superheater 11, water economizer 12 and air 
heater 36, and then flow through dust collector 34 whence exhaust
ers 14 discharge them into chimney 13.

The steam flows from the boiler via pipe e through water sepa
rator 19 to turbine 20. From the turbine the exhaust steam flows 
into condenser 31.

The boilers are fed with the condensate delivered from con
denser 31 by pumps 32. On its way to the boilers the condensate 
is heated in low-pressure heater 18, then passes to degassing 
device 16. Feed pumps 33 deliver the degassed water into boiler 10 
through high-pressure heater 17, pipe f and water economizer 12. 
The losses of water and steam are compensated by adding water 
to degassing device 16. For this purpose pumps 25 take up raw 
water from channel 29 and deliver it to chemical water-treatment

d  3 6  36 3^ 33 32 31 30  23
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plant 26, whence the purified water flows to degassing device 16 
via pipe g;

Cooling water for the condensers is taken in by circulating 
pumps 24 from channel 30 into which water is supplied via pipe h 
from a water basin (river or lake). The spent cooling water flows 
into channel 29 by gravity and thence via channel i into pond 28.

The steam tapped from turbine 20 for heating and industrial 
purposes flows to boilers 23 where it heats the water to be de
livered via pipes r to consumers for heating purposes.

Fig. 269. Sectional view of main building of an electric power plant
/  — circulating water piping; 2 —service needs transformer; 5 —overhead travelling crane of 
machine room, 125/20/; 4 — turbine generator; 5—unit control panel; 5 —coal conveyor; 7 — sep
arator; 8 — cyclone; 9 — degassing device; JO — overhead travelling crane, 30/5 /; / /  — chimney; 
12 — exhauster; 13— wet dust collector ^scrubber); 14 — blower; 15 — boiler unit; 16 — raw-coal 

hopper; 17 — pulverlzed-coal hopper; 18 — raw-coal feeder; 19 — coal mill; 20—condenser

The ash and slag fed from furnace 9, air heater 36 and dust 
collectors 34 into ash duct d are removed with the aid of hydraulic 
ash handling system 5.

For the erection of heavy machine parts overhead travelling 
crane 22 is installed in the machine room.

The electric power produced by turbine-generator 21 is delivered 
via switchgear 27 to a step-up transformer substation and thence to 
the consumers; switchgear 15 caters to the service needs of the plant.

A sectional view of the main building of a recently built electric 
generating plant with a capacity of 1,200,000 kw is shown in 
Fig. 269 to give an idea of the superpowerful electric power plants 
being constructed in the U.S.S.R. during the current seven-year 
period (1959 to 1965).
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3. Fuel Facilities
The fuel facilities of steam electric stations include mechanisms 

and installations for handling and storing fuel that make' it 
possible to:

(1) discharge the fuel delivered;
(2) convey it to the boiler house or storage piles;
(3) store a reserve stock of fuel;
(4) keep account of the incoming and consumed fuel.

Fig. 270. Layout of fuel facilities in power plant
/  — weighbridge; 2 —unloading trenches; 3 — mechanical handling equipment; /  — conveyors 
delivering fuel to store; J  — stocking-out tower; 6 —conveyor serving the crusher; 7 —crusher; 
8 — automatic scales; 9 —conveyor delivering fuel to boiler room hoppers; /0 — stocklng-out 

tower; / /  — distributing conveyors; /2 —boiler hoppers

In case of solid fuel the following operations are also possible:
(a) fuel thawing, and sometimes drying;
(b) crushing fuel into a size depending on the manner of firing, 

i.e., on a grate or pulverized;
(c) separation of metal objects to prevent damage to the 

crushers and high-speed mills.
The layout of the fuel facilities in a power plant using solid 

fuel is shown in Fig. 270. The fuel is delivered in railway wagons, 
is weighed on weighbridge 1 and discharged into hoppers or 
trenches 2. Hence the fuel is lifted by conveyor 3 to stocking-out 
tower 5, whence it can be delivered either into storage piles by 
conveyors 4 or to crusher 7 by conveyors 6. After passing through 
magnetic separators and screens the fuel is crushed in hammer, 
roller or tooth crushers into pieces 25 to 30 mm in size for grate 
firing and not over 1 to 2 mm in size when pulverized fuel is used. 
Conveyors 9 carry the crushed fuel through automatic scales 8
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to stocking-out tower 10. Here the fuel is lifted to the level of the 
hopper and distributed between boiler bunkers 12 by conveyors 11.

Fuel is shipped to power plants in self-discharging wagons. 
When the consumption of fuel exceeds 350 t/hr rotary wagon 
tipplers are employed. The coal is unloaded either into trenches 
located at both sides of the track or into hoppers.

Fuel stores are designed for ensuring continuous operation of 
power plants if there is an interruption in fuel delivery and also 
for accommodation of coal delivered in excess of immediate re
quirements. To reduce investments coal stores are designed in the 
open. The storage area required is determined approximately from 
the formula

24  BmF. *7? sq m, (7-1)

where B — consumption of coal in the boiler room, kg/hr;
,7i =  number of boiler working days to be ensured by the 

stored fuel;
h =  permissible height of fuel piles, m;
7 =  specific weight of fuel, kg/m3;
9 =  factor accounting for the pile slopes and roadways 

between piles.
The height of fuel piles is limited by the possibility of spontane

ous combustion of the coal. Inside the pile, where the removal of 
heat is difficult, oxidation of the coal may lead to rising of the 
temperature, even up to that sufficient for spontaneous combustion. 
To reduce the penetration of air to spots in the pile where the 
temperature may rise the piles are laid by layers, each one being 
tamped by special rollers. In mechanized stores the height of piles 
is not limited, while at stores with no mechanical handling equip
ment the height of the piles is taken from 1.5 to 2.5 m for brown 
coal, from 2.0 to 3.5 m for bituminous coal and up to 8 m for 
milled peat. The height of anthracite and lump peat piles is not 
limited.

At medium- and high-capacity power plants the stores are 
equipped with clamshell bucket cranes, scraper installations or 
special loading machines. The cranes handling the fuel over the 
store area are usually of the gantry, overhead travelling or self- 
propelled jib types, while sometimes cable cranes are used. A dia
grammatic view of a store outfitted with gantry cranes is depicted 
in Fig. 271. From unloading trench 6 the fuel is taken up by 
bucket 3 suspended from crab 4 running along gantry 5. The 
crane moves along track 7 and this permits the entire area of the 
store to be served by the crane. The bucket loads the fuel into 
hopper 2 on the leg of the crane, whence it is loaded into wagon 1 
for delivery to the boiler room.



Section A -  A
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Fig. 271. Fuel store with gantry crane
/  — wagon; 2—intermediate hopper; 3 —clamshell bucket; 4 — crab; 5 — gantry; 6 — unloading 

trenches; 7 — crane tracks; 8 — passing siding; 9 — railway track

Fig. 272. Fuel store equipped with scraper
I — stockine-out tower; 2 and 4 — Iront head pulleys; 3—unloading trench; 5 — scraper; 

6 — traction rope; 7 — tensioning truck; 3 —winch

31
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A sketch, of a fuel store equipped with a scraper is shown in 
Fig. 272. The scraper is an open steel horseshoe-shaped pan. If the 
scraper is dragged along a pile of fuel with its open section 
forward it will pick up fuel and drag it to the required spot. 
During return motion the scraper slides over the fuel. The fuel 
unloaded from wagons is lifted to stocking-out tower 1 whence it 
falls by gravity into the initial pile. From this pile the fuel can be 
moved to hoppers 3 or distributed over the entire storage area 
with the aid of scraper 5, winch 8, rope 6, front pulleys 2 and 4 
and moving end pulleys 7. Scraper-equipped fuel stores have been

/  — tensioning weight; 2 — pulley; 3—rear drum; 4—loading hopper; 5 — Idler rollers; 6 — con
veyor belt; 7 —supporting rollers; 5 —winch; 9 — driving drum; 10 — unloading funnel; / /  — elec

tric motor; 12 — guide drums; 13 — tensioning truck

widely introduced at power plants due to the small investment and 
simple equipment required. Scrapers, however, can be employed 
for lignites and lump peat only in regions where the ambient 
temperature does not drop to below minus 20 to minus 25 deg C, 
to avoid slipping of the scraper over the frozen surface of the fuel.

Fuel is handled inside boiler houses with the aid of belt con
veyors, skip hoists or wagons. Preference is given to belt convey
ors.

The main element of a belt conveyor is an endless flexible 
(rubberized) belt tensioned over end drums, one of which is 
a driving drum (Fig. 273). The support rollers of the upper branch 
of the belt give it the shape of a trough. The employment of belt 
conveyors is limited by the angle of elevation which must not ex
ceed 18 deg, or 20 deg when handling finely crushed coal.

Bucket elevators are used for vertical hoisting of the fuel and 
consist of a pair of hinged chains to which buckets are fastened. 
The chains are fitted onto sprockets, the upper one of which is the 
driving one. The drawbacks of bucket elevators are their frequent 
damage, large weight and high investment. Fig. 274 shows a 
bucket elevator used for hoisting the fuel to the hopper room and
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operating together with a belt conveyor distributing the fuel 
between the boilers of a low-capacity power plant.

Skip hoists are employed to deliver fuel in portions in a ver
tical direction or at a considerable incline. A diagram of a skip 
hoist is shown in Fig. 275. A skip is a bucket with a capacity of 2 
to 15 cu m moving along guides with the aid of a winch. At its 
bottom position the skip is filled with fuel by a batcher, while at

Fig. 274. Fuel handling facilities at a low-capacity power plant
/ —furnace hoppers; 2 — segment gates; 3 —hoppers; 4 — belt conveyor; 5 —bucket elevator; 
6 —hopper tor ash removal; 7 — fuel crusher; — track for fuel supply and ash removal In wagons

the top it is unloaded by tipping. The places where the skip is to 
change its direction are equipped with guide switches.

Fuel is also handled with the aid of wagons which move along 
a trestle or are pulled by cables. This method of conveying fuel 
without intermediate handling is often employed at power plants 
using peat. Fig. 276 shows how peat is delivered along a trestle 
with the wagons pulled by rope. The permissible trestle grade 
is 1 in 5 (to avoid fuel spilling). To reduce the length of the track 
along which the fuel is hoisted in high hoppers funiculars are 
used instead of trestles, the funiculars being inclined at an angle 
of 40 to 45 deg to the horizon (Fig. 277). In the funicular two 
balanced carriages 2 with horizontal floors move up and down. 
A loaded wagon is rolled onto the carriage on the ground. By 
means of rope 3 and winch 4 the wagon is lifted upward and the 
empty wagon travels downward. The wagon lifting speed is about 
0.5 m/sec, which corresponds to about 7 or 8 cycles an hour.



/ - s k ip ;  2 - loading hopper; 2 - sk lp  guides; / -d ischarge  funnel; J - w in c h

Fig. 276. Delivery of fuel along trestle 
/  — rail track; 2 —fuel wagon; 3 — winch; / —boiler fuel hoppers
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Funiculars are distinguished for their simplicity and low invest
ment required as compared with trestle arrangements. The capacity 
of funiculars, however, is limited by it being possible to place 
only one wagon on the carriage, and for this reason their use is 
limited to medium-capacity power plants.

In low-capacity power plants monorail lines with telphers are 
sometimes used for hoisting and conveying the fuel. The telpher

7 —rail track; 2 —wagon; 3 —traction rope; 4 — winch

has two electric motors, one for moving the truck along the 
monorail line and the other for hoisting and lowering the telpher 
bucket.

The fuel facilities of power plants employing liquid fuel include 
discharging equipment, storage tanks, pumping plants and piping. 
To reduce the viscosity of the fuel oil a system of steam piping is 
provided for heating the tank wagons. In older power plants the 
fuel oil is stored in steel tanks at the surface. At modern stations 
underground reinforced-concrete fuel oil storage tanks are used. 
Water and sludge are drained off from the tanks into sumps located 
under the tank bottom. The oil in the storage tanks is heated with 
the aid of steam coils. The liquid fuel is pumped to the boiler
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house via a system of pipes which must be coated with heat insula
tion together with the steam heating pipes laid along them. Fuel 
oil storage tanks are outfitted with fire-fighting equipment using 
steam or a special foam to extinguish the oil.

4. Power Plant Economy
The performance of a steam electric plant is appraised by com

paring the annual fuel consumption with the annual power output,, 
while for extraction plants the heat delivered to external consumers 
is also taken into account.

The annual power output is determined from an annual load 
■distribution chart (Fig. 278). In this chart the load expressed in

0  o f  day 0 o f day 0 Hours 8760

Fig. 278. Annual load distribution chart

tons of steam generated per hour or in kilowatts is plotted against 
the duration of the load in hours. The daily load charts for the 
summer and the winter are given at the left. The autumn and 
spring loads are of an intermediate nature and they are related 
to the winter chart, extending the duration of the latter to 210 days.

The way of plotting the annual chart for one unit is shown in 
Fig. 278. The area under the curve of the annual chart corresponds 
to the power output Eann in tons or kilowatt-hours per year. The 
annual load chart is used to determine the capacity factor k which 
is numerically equal to the ratio of the actual power output per 
annum to the capacity of the plant:

k  = ___ F-ann___
N ini|365 X  24 ■ (7-2)

where Ninst =  installed capacity of all working sets of the plant.
The economical efficiency of a steam power plant shows the 

ratio of the power output expressed in kilogram-calorie^ (for 
extraction power plants with account taken of the heat energy
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delivered to external consumers) to the quantity of heat contained 
in the fuel consumed during the same period (hour or year). In 
these calculations two station efficiencies are distinguished, viz.,, 
the overall efficiency based on the total power output of the plant,, 
and the net efficiency based on the total power output less the 
power consumed for service needs. For condensing power plants- 
the economical overall efficiency is determined from the formula

860£ 
BQrL ’

(7-3 >

where E =  power output, kw-hr;
B =  fuel consumption for the same period, kg;

QrL =  lower heating value of the fuel, kcal/kg.
For extraction power plants the overall economical efficiency is

l̂ov
860E +  Qex 

BQrL
(7-4)

where Q „  =  quantity of heat delivered to external consumers, 
' kcal.
The net economical efficiency will be

ylnet =  ylov( 1— *f). (7-5)
where ks =  factor accounting for the consumption of power for 

the service needs of the plant.
The factor ks depends on the installed capacity of the plant and 

the degree of mechanization of operations at the plant. Experienced 
values of ks are 0.05 to 0.09 for condensing power plants and 0.08 
to 0.13 for extraction power plants.

The performance of condensing power plants is often expressed 
through the specific fuel consumption per kilowatt-hour. From for
mula (7-3):

bec =  ̂  =  — -r  kg/kw-hr. (7-6)
E %vQl

For comparing the performance of different stations the specific 
fuel consumption is related not to the fuel actually used, but to a 
reference fuel with a lower heating value of 7,000 kcal/kg.

The consumption of reference fuel per kilowatt-hour will be

. BQlOec.ref — 7>000 £ • (7-7)

The performance of steam power plants in pre-revolutionary 
Russia was very low, and bee. Tef was about 1.1 kg/kw-hr. After the 
Great October Socialist Revolution the performance of steam power
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plants has been constantly increasing due to the growth in the 
unit' ppacity of boilers and turbines, higher steam parameters, 
economical combustion of fuel and improved operation techniques, 
including the introduction of automatic controls.

Cost per Unit of Power Output. The specific cost of electrical 
■or heat power produced at power plants is the most important 
index of their rational design, erection and operation. The basic 
conditions ensuring the lowest possible cost of power are high 
thermal performance, the maximum utilization of installed capacity, 
rational servicing and repairs.

The cost of 1 kw-hr of power delivered to consumers from con
densing power plants is determined by dividing the annual operat
ing expenses 2sop, in roubles, by the electric energy Eex delivered 
to consumers, in kilowatt-hours:

100 Esod
Sp =■ p— -  cop/kw-hr. (7-8)11 ex

The annual quantity of power to be produced by a power plant 
being designed can be determined from the annual average load 
charts (Fig. 278). If no such charts are available the power output 
is determined approximately departing from the probable plant 
capacity factor and formula (7-2).

The quantity of power delivered to consumers Eex will be less 
than the total power produced due to the consumption of power 
for service needs Es and also to inevitable losses of power in the 
electric circuits of the station itself E t.

Eex =  E - E t - E v (7-9)
The annual operation expenses include the following compo

nents:
(1) depreciation sa to cover the investment in station equipment 

.and structures during a definite period of time, determined by 
factors of natural and moral wear;

(2) cost of fuel and other operating materials Sf. These in
clude lubricants, wiping rags, chemical reagents, as well as spare 
parts and materials for running repairs, etc;

(3) salaries of operating personnel s5, including repair men;
(4) miscellaneous expenses sm, including taxes, labour protec

tion, transportation, office and administrative expenses, etc.
Hence, the total operating costs will amount to

s s0p =  sd-j-sf  +  ss-JrSm roubles/year. (7-10)
For an extraction power plant the cost of the electric power and 

heat produced are determined separately. This is done by dividing 
all the annual expenses Esop in proportion to the consumption Of 
fuel for the production of heat B h  and electric power B eH
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The quantity of fuel consumed for the production 
conditionally determined by the formula

Bh= -nr0e,c kg/year,
'*Lrlnet.bu

where r\net. bu =  net efficiency of the boiler unit.
The quantity of fuel consumed for the production 

power will be equal to
Be =  B — Bh kg/year,

where B =  total quantity of fuel consumed per year.
The cost of 1 kw-hr produced at an extraction plant is 

by the formula
100B e Esod 

se =  — BEex cop/kw-hr.

The cost of 1 megakilogram-calorie will be
Bh E s 0 „

sh— an p • 106 roubles/mkcal.

of heat is 

(7-11)

of electric 

(7-12) 

calculated 

(7-13)

(7-14)



C h a p t e r  II
AUTOMATION IN POWER PLANTS

The employment of automatic control at steam power plants not 
only increases labour productivity, but also leads to an increase in 
the efficiency of the plant, improves the safety of working condi
tions and reliability of operation of the equipment.

Automation and mechanization of the processes at steam power 
plants comprise a complicated group of measures including:

(a) remote control;
(b) signalization;
(c) automatic circuit breaking and interlocking;
(d) automatic control of periodic processes (for instance, auto

matic soot blasting from boiler heating surfaces);
(e) automation and regulation of continuous processes ensuring 

proper functioning of the equipment without the interference of the 
operators (for instance, maintenance of a constant pressure, tem
perature and rate of steam flow, water level, etc.).

Automatic regulation and control of the continuous processes 
going on in power .plants relieve the operators of the necessity of 
continuously controlling the processes and ensure reliable function
ing of the equipment. It should be noted that these processes are 
relatively rapid and require frequent interference when the load 
varies. Until recently even at large power plants the feeding of 
fuel and air, the furnace draught, the water level in the boilers, 
etc., were manually controlled in accordance with the readings of 
the respective instruments.

At present these and many other processes at power plants have 
been completely automated. Almost all drum boilers have auto
matic wrater-level governors, which has permitted to do away with 
the trade of water-level inspectors, one of the most difficult occupa
tions in respect to conditions of work. The processes of coal drying 
and pulverization have been automated, which resulted in a reduc
tion of the specific consumption of power for coal pulverization. At 
many steam power plants the reducing-cooling units, as well as 
the feedwater degassing devices, the turbine condensers and the 
water heaters are all controlled automatically. Special attention is 
devoted to the automatic control of boiler units, The combustion
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processes in boiler furnaces are controlled by governing fuel and 
air delivery, and the draught.

It should be borne in mind that at every moment there must be 
strict conformity between the quantity of steam generated by the 
boilers and the rate of steam flow through the turbines. In drum 
boilers such conformity is shown by the constancy of the boiler 
pressure. Indeed, if upon combustion of the fuel more heat is 
liberated than actually required to meet the demand for steam, the 
excess heat will cause a rise in boiler pressure. If insufficient fuel 
is delivered, the boiler pressure will drop. Thus, the fuel must be 
supplied at a rate ensuring a constant pressure in the boiler under 
variable loads.

The quantity of air delivered into a furnace must be controlled 
to ensure the most efficient combustion of the fuel. For this pur
pose the quantities of fuel and air delivered into the furnace must 
be kept in the required proportion. Such concordance between the 
fuel and air is indicated by the excess-air coefficient which is 
checked according to the results of gas analysis.

The regulation of draught must ensure accordance between the 
outputs of the exhausters and blowers. This accordance will be 
proper when rarefaction is registered in the upper part of the 
furnace.

A schematic diagram of an automatic boiler-unit control system 
developed by the All-Union Heat Engineering Institute named 
after Dzerzhinsky is shown in Fig. 279 to give an idea of the 
working principles of automatic control installations.

Combustion is governed as follows. A change in steam con
sumption by external consumers AD violates the heat balance AQ, 
which results in a change in steam pressure Ap. An increase in 
steam pressure causes deformation of Bourdon tube 5 of sensitive 
pressure gauge II. The end of the tube, fitted with a light iron 
plunger, moves between the pole shoes of electric pickup 4. The 
primary winding of the pickup is fed with alternating current and 
the electromotive forces induced in the secondary winding are 
rectified with the aid of copper-oxide rectifiers 3.

The difference between the two rectified secondary electromotive 
forces serves as an impulse for load (fuel) governor I, and simul
taneously for combustion-air regulator IV. In the fuel regulator, 
which comprises contact galvanometer I, the deflection of the gal
vanometer pointer from zero as a result of the impulse received 
causes closing of the mercury contacts, and this makes electric 
servomotor 18 operate. The latter actuates, rheostat 19, thus chang
ing the speed of the electric motor of screw feeder 16 that delivers 
pulverized coal into the furnace. This results in a change in the 
rate of fuel delivery, and the heat balance will be restored.
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Simultaneously with the impulse sent to the fuel governor an 
impulse is sent to air regulator IV, whose contact galvanometer 
sends an impulse to blower servomotor 8. The latter partly opens 
or closes guide vanes 10 of blower 9 and changes the rate of air

n

Fig. 279. Diagrammatic view of automatic boiler-unit control system developed 
by the All-Union Heat Engineering Institute

/  —  l e a d  g o v e r n o r ;  / /  —  s e n s i t i v e  p r e s s u r e  g a u g e ;  / / / — d r a u g h t  r e g u l a t o r ;  IV  — a i r  r e g u l a t o r ;  
/  — c o n t a c t  g a l v a n o m e t e r ;  2 — t h e r m o e l e c t r i c  s t a b i l i z e r  w i t h o u t  d r o o p ;  3 — c o p p e r - o x i d e  r e c t i f i e r ;  
4 — p i c k u p ;  5  — B o u r d o n  t u b e ;  6 — w a t e r - l e v e l  r e g u l a t o r ;  7  — s t e a m  f l o w  m e t e r ;  3 — b l o w e r  s e r v o 
m o t o r ;  9 — b l o w e r ;  JO— g u i d e  v a n e s ;  / /  —  e x h a u s t e r ;  12 — g u i d e  v a n e s ;  13 — f e e d  v a l v e  e l e c t r i c  
d r i v e ;  / /  —  d r a u g h t  s e r v o m o t o r ;  15 — c o r r e c t o r ;  16 — s c r e w  f e e d e r ;  17 — d i f f e r e n t i a l  p r e s s u r e  

g a u g e ;  18— f u e l  s e r v o m o t o r ;  19 — r h e o s t a t

flow into the furnace. Besides the impulse received from the pres
sure gauge pickup the air regulator receives commands from two 
more pickups. The second impulse comes to the air regulator from 
steam flow meter 7 equipped with an induction pickup. The third 
impulse is the result of a pressure drop in the air heater, which 
is measured by a draught gauge provided with an induction 
pickup. A change in steam consumption will be accompanied by a 
change in the level of the water in the boiler drum. Having received 
an impulse from differential pressure gauge 17 the pickup sends 
an impulse to the electric drive of feed valve 13 which controls the
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level of the water in the boiler drum. Draught regulator III receives 
an impulse when the rarefaction in the upper part of the furnace 
changes. The rarefaction in the furnace chamber is measured by a 
contact draught gauge that acts on draught servomotor 14 con
trolling the position of guide vanes 12 of exhauster 11. The draught 
ds adjusted with the aid of corrector 15 of the draught gauge.

The system described above ensures reliable automatic control 
and it functions very well in conjunction with the general control 
system of the boiler unit and the remote controls.

DRY SATURATED STEAM. PRESSURE TABLE
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0.01 6.698 0.0010001 131.7 0.007593 6.73 600.2 593.5 0.0243 2.1450
0.04 28.641 0.0010041 35.46 0.02820 28.67 609.8 581.1 0.0999 2.0254
0.1 45.45 0.0010101 14.95 0.06691 45.45 617.0 571.6 0.1540 1.9479
0.5 80.86 0.0010296 3.299 0.3031 80.86 631.6 550.7 0.2593 1.8152
1 99.09 0.0010428 1.725 0.5797 96.18 638.7 539.5 0.3097 1.7592
:2 119.62 0.0010600 0.9019 1.109 119.94 646.3 526.4 0.3640 1.7039
2.6 128.08 0.0010678 0.7055 1.417 128.6 649.2 520.6 0.3856 1.6830
3 132.88 0.0010726 0.6160 1.621 133.5 650.8 517.3 0.3976 1.6716
4 142.92 0.0010829 0.4708 2.124 143.7 653.9 510.2 0.4226 1.6488
.5 151.11 0.0010918 0.3818 2.619 152.1 656.3 504.2 0.4426 1.6310
6 158.08 0.0011000 0.3214 3.111 159.4 658.3 498.9 0.4594 1.6163
7 164.17 0.0011071 0.2778 3.600 165.7 659.9 494.2 0.4740 1.6039
8 169.61 0.0011140 ' 0.2448 4.085 171.4 661.2 489.8 0.4868 1.5931
9 174.53 0.0011202 0.2190 4.567 176.5 662.3 485.8 0.4983 1.5834

10 179.04 0.0011262 0.1980 5.050 181.2 663.3 482.1 0.5088 1.5748
2 0 211.38 0.0011751 0.08486 11.78 226.2 669.2 443.0 0.6031 1.4999
30 232.76 0.0012142 0.06798 14.71 239.6 669.5 430.0 0.6295 1.4794
40 249.18 0.0012493 0.05078 19.69 258.4 669.0 410.6 0.6654 1.4517
.50 262.70 0.0012826 0.04026 24.84 274.3 667.5 393.2 0.6950 1.4288
60 274.29 0.0013147 0.03312 30.19 288.4 665.4 377.0 0.7203 1.4089
70 284.48 0.0013466 0.02798 35.74 301.0 662.6 361.6 0.7428 1.3911
80 293.62 0.0013787 0.02405 41.58 312.8 659.4 346.6 0.7632 1.3746
90 301.92 0.0014115 0.02097 47.69 323.8 655.7 331.9 0.7817 1.3588

100 309.53 0.0014453 0.01846 54.17 334.3 651.7 317.4 0.7992 1.3440
140 335.09 0.0016000 0.001182 84.60 372.6 631.6 259.0 0.8614 1.2872
.200 364.08 0.0019900 0.000618 161.9 431.4 581.1 149.7 0.9515 1.1865
224 373.60 0.0026500 0.000384 260.0 478.0 522.4 44.3 1.0228 1.0960


